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ABSTRACT
A CONCEPTUAL MODEL OF ICE SHELF SEDIMENTATION
Matthew Mayerle, M.S.
Department of Geology and Environmental Geosciences
Northern Illinois University 2014
Ross Powell, Director

Sedimentation studies of polar glacimarine systems remain few relative to temperate
glacimarine systems due to the problem of accessibility below ice shelves. This thesis presents a
conceptual model of ice shelf sedimentation at the scale of a continental shelf, which is an update
of Howat and Domack’s (2003) model. This update adds scale, a third dimension, a decade of
research on new geologic/glaciological processes, depositional bias', and greater specificity to
their model. The shelf-scale model groups facies into deformation till, glacigenic debris flows,
shelfstone mud, and diatomaceous mud. Furthermore, the model is tested and shown to be
capable of replicating the facies distribution and major landforms found in two distinctly different
Antarctic paleo-ice stream troughs within time constraints dictated by radiometric dating. It is
hoped that ideas and techniques presented by this conceptual model will serve as a launching pad
for more advanced computational models in the future, which are badly needed in order to help
constrain future behavior of ice sheets in a warming world.
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CHAPTER 1:

AN INTRODUCTION, REVIEW, AND UPDATE OF ICE SHELF SEDIMENTATION

Introduction

When glacimarine sedimentation is discussed in science textbooks, it is usually treated as
a side topic relative to more common sedimentary systems. Principles of Sedimentology and
Stratigraphy by Sam Boggs Jr. dedicates approximately 20 pages to terrestrial and glacimarine
sedimentation, and the small section associated with glacimarine sedimentation focuses on
sedimentation from a warm-ice based temperate system similar to what is found today in
southeastern Alaska. Benn and Evans' Glaciers and Glaciation: 2nd Edition, a textbook with a
strict focus on glacial geology, dedicates a large chapter to glacimarine sedimentation in both
oceanic and lacustrine settings. They later address the topic again in a section on fjord systems.
Once again, cold ice sedimentation associated with an ice shelf is largely neglected, aside from a
summary of an ROV study by Powell et al. (1996) and a study by Glasser et al. (2006) on
terrestrial lateral moraines produced by ice shelf margins grounded on a coastal setting. Glacial
Landsystems, another glacial geology textbook, also summarizes the findings of Powell et al.
(1996) while thoroughly comparing and contrasting the differences between all glacial regimes
and their associated deposits within fjord systems.
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This almost complete lack of representation in textbooks is an issue for geologists because in
order to understand the past, one must understand processes in the modern. A modern example
of this is Pine Island Glacier (PIG). PIG and the glaciers with which it shares a catchment
(Smith, Kohler, and Thwaites Glaciers), make up approximately 30% of the West Antarctic Ice
Sheet (WAIS). Ice shelves act as natural dams, stabilizing the ice streams that feed them with a
buttressing force termed backstress (Benn and Evans, 2010). PIG is currently experiencing
rapidly thinning and an accelerating grounding-line retreat of over 1km/a coinciding with flow
acceleration (Wingham et al. 1998; Rignot 1998; Rignot et al. 2002; Rignot et al. 2008; Joughin
et al. 2003). This effect is more troubling when one considers that the WAIS is a mostly marine
ice sheet and that the grounding line, with its position depending on a flotation threshold, is
retreating into deeper water.
In another area of Antarctica, the Antarctic Peninsula, sediment cores taken after the
breakup of Larsen-B Ice Shelf in 2002 have shown that Larsen-B Ice Shelf existed without
breaking up before the LGM (Domack et al. 2005). Other ice shelves near Larsen-B Ice Shelf
have broken up and reformed in the past (Pudsey and Evans 2001), however, Larsen-B's recent
disintegration is unusual relative to the recent past. Given the problems associated with PIG and
Larsen-B ice shelves, it is critical that more research is carried out to understand them and to
understand their geologic record.
Ever since Lyell’s Principles of Geology and the advent of Uniformantarianism, the
phrase “the present is the key to the past” has been a key principle in geology. At this time, our
current understanding of ice shelf sedimentation is very poor relative to other subjects due to a
lack of data. It is based on few modern publications which often build off each other. More
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recent examples include (Powell 1984; Powell et al. 1996; Domack and Harris 1998; Domack et
al. 1999a; Ashley and Smith, 2000; Howat and Domack 2003; and Domack and Gilbert 2003).
Aside from Powell (1984), all of the above are lacking a continental shelf scale or are overly
generalized. Additionally, Powell et al. (1996) is the only publication of the group based on
observational data. The rest are based on inferences from core data.
A new and updated conceptual model of ice shelf sedimentation is proposed in this thesis.
This conceptual model is not absolute, and is instead intended to serve as a hypothesis to assist
future researchers as more data is collected in the future. The primary goals of this model are to:
1. update existing published conceptual models to better conform to additional data from the
recent decades, and 2. to create a sedimentation model showing the advance/retreat of an ice
shelf in time and space at a continental shelf scale. This model should be capable of both being
utilized as a predictive tool of the past and as and a way to help reinforce the previous
interpretations of other glacial geologists when they have limited data to work with. These goals
will be accomplished through integration of new data and findings concerning ice shelf
sedimentation and through the application of unpublished sedimentation rates (Powell, pers.
com.).
The new ice shelf sedimentation model is scaled similarly to the modern Ross and
Filchner-Ronne Ice Shelves. These ice shelves are considerably larger than other currently
existing ice shelves such as the late Larsen-B Ice Shelf or other smaller systems that have broken
up in the southern and northern hemispheres during the past 100 years. This larger scale was
chosen because during a major glacial period, the size and scale of smaller systems is expected to
grow to a scale somewhat similar to the Ross/Filchner Ronne Ice Shelves. Large ice shelves have
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existed in the past on both the eastern and western side of the Antarctic Peninsula (Evans et al.
2005; Kirshner et al. 2012; Jakobsson et al. 2011), East Antarctica (Harris and O'Brien 1998;
O'Brien et al. 1999), Greenland (Dowdeswell and Fugelli 2012), and other places in the northern
hemisphere.
The updated model showing depositional processes is primarily based on Howat and
Domack’s 2003 model. It is divided into three areas: 1. A grounding zone representing a long
stand still of the grounding line following a retreat phase (Figure 5); 2. a calving zone
representative of a stand still following a retreat (Figure 9); and 3. an updated core section
representative of a typical gradual retreat succession (Figure 13). Two modifiers, one describing
morpho-sedimentary deposits left by crevasse hydrofracture and the other describing ice stream
shutdown is also included.

Background

Ice Shelf Glaciology and Oceanography

Glaciers terminate as either a tidewater cliff or as a floating a terminus. This thesis
focuses on floating termini, which require cold ice and a 0°C isotherm near sea level (Powell and
Domack, 2002). Glaciers composed of cold ice are below the pressure melting point, so
meltwater is not as prevalent as in warm ice systems. Ice shelves gain ice via ice stream flow,
basal freeze-on, and snowfall accumulation. Ice shelves lose ice from calving processes and
through basal and surface melting. Basal melting is currently the focus of mass loss research, as
it is thought that a warming ocean is melting many ice shelves from below (e.g. Sheperd et al.
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2004). These mass balance variables often vary from glacier to glacier (or glacier system
assuming several glaciers merge into one ice shelf), creating unique complexities depending on
location. Thus within a continental size ice sheet, ice shelves may vary in their behavior from
one sector to another. These unique complexities are highly dependent on the existing
topography, ice flux, oceanic currents, ocean and air temperature, winds, and precipitation.
The proposed model in this thesis is focused on ice streams, which are defined as areas of
fast flow within an ice sheet. This bias occurs because most research is focused on the paleo-ice
dynamics and landforms within the deep troughs incised into the seafloor, and because the higher
ice flux of ice streams increases the chances of supporting an ice shelf. What happens on the
inter-ice stream ridges between troughs where less “action” has occurred is an often-neglected
area of study because iceberg scouring often destroys the geologic record on these shallower
areas. Klages et al. (2012), analyzed an inter-ice stream ridge protected from scouring processes
to the east of paleo-ice stream trough in front of PIG, and observed mega-scale ribbed
“moraines”, hill-hole pairs, terminal “moraines”, and crevasse-squeeze ridges. These inter-ice
stream areas are not be considered in this thesis as Klages et al. (2012) is currently the only interice stream ridge observed that hasn't been destroyed by iceberg scouring and because of the lack
of research on these areas.
Most of the Siple Coast ice streams flow at ~0.8km/a, while the surrounding ice flows
much slower (Bennett, 2002). Ice streams are often called the “drains” of an ice sheet, heavily
influencing the mass balance and stability of an entire ice sheet. Winsborrow et al. (2009)
reviewed several potential controls on ice stream locations, and found that topographic focusing,
meltwater routing, calving margins and subglacial geology are most commonly associated with
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enhancing streaming ice flow. The above controls and other controls of lesser magnitude vary by
location, however there is always one “dominant” control enhancing streaming ice flow while
the others can either enhance or inhibit streaming flow.
Winsborrow et al. (2009) concluded that topographic focusing paired with a calving
margin is the primary control on ice stream location, however, when these factors are absent
others like the geothermal heat flux and bed roughness become dominant forces. Basal melting
and freezing processes under ice shelves heavily modify existing ocean currents and vice-versa
through various complex interactions. These interactions are difficult to observe because the ice
shelf roof creates an observational barrier, so indirect methods must be used to infer sub-ice shelf
oceanographic processes. The model does not include many of the oceanographic processes in
the Ross Sea and instead focuses on those most relevant to sedimentation; however the reader
should be aware of these processes and how they affect deposition, lateral fluxes (of sediment),
and erosion when interpreting the geologic record. A good representation of oceanographic
complexity beneath ice shelves is discussed by Smethie and Jacobs (2005); (Figure 1). Oceanic
gyres occur under ice shelves, such as the clockwise gyre under Amery Ice Shelf, which
lopsidedly causes more freeze-on in the northwest portion of the ice shelf than elsewhere
(Fricker et al. 2001).
The ice shelf itself is subject to basal melting and freezing depending on location,
creating below-freezing Ice Shelf Water (ISW). Supercooled freshwater emerging from the
grounding-line will initially cause basal melting due to friction created by its movement. As this
supercooled water rises along the bottom of the ice shelf from buoyancy, the pressure exerted by
a continuously thinning overlying ocean column will decrease, allowing the below freezing ISW
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to freeze on to the base of the ice shelf. Additional currents are created during sea ice formation.
This dense saline water current is capable of transporting fine sediment laterally. Some
publications like Frignani et al. (1998) stress that lateral sediment fluxes from winnowing are at
times more important than vertical settling fluxes when diatom deposition is considered. This
winnowing process was documented in much shallower water near Mt. Erebus in Antarctica in a
video clip from BBC's series Frozen Planet titled “Brinicle of Death” (Brinicle is a combination
of the words “icicle” and “brine” by the BBC). In the clip, visibly moving dense water is seen
sinking to the bottom of the seafloor in very shallow water. Although visible entrainment of
sediment is not seen in the clip due to the lack of fine sediment visible in the video clip, it still
demonstrates that these currents associated with winnowing do have the ability to form linear
currents on the seafloor, as evidenced by the line of ice visible on the bottom of the seafloor at
the end of the clip. A similar type of process is also considered to be important beneath ice
shelves, especially as supercooled water leaving the grounding line rises along the bottom of the
ice shelf and up the pressure gradient. Ice crystals begin to form termed frazil ice, which then
adheres as “marine ice” on the base of the ice shelf. Anchor ice is formed through a similar
process, however anchor ice is formed by encroaching warmer oceanic or tidal currents that melt
the base of the ice shelf, desalinating the water column until it reaches the freezing the point at
the given depth and crystallizes. Anchor ice may form on sediment or even marine organisms.
Thrush et al. (2006) found the disturbance of both anchor ice and icebergs to be a first order
control on biodiversity of coastal benthic communities in the Ross Sea.
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Previous Depositional Models

Powell et al. (1996) deployed a remotely operated vehicle (ROV) through holes in the sea
ice near extensional cracks in and around Mackay Glacier Tongue (MGT), an outlet glacier of
theEast Antarctic Ice Sheet, and were the first to observe the grounding-line of a cold-based
glacier with a floating terminus. Englacial debris in the system was observed to be insignificant
relative to other depositional processes, with only a few layers ranging from centimeters to 1mthick present in calved icebergs and the sides of MGT. Basal debris was composed of
discontinuous debris-rich laminae of diamicton or mud. Diamicton or mud was also observed in
beds of “dense bubble-poor ice”, which were sandwiched between ice described as “less dirty
and more bubbly.” Although basal melting was present, no glacifluvial deposits or conduits of
freshwater indicative of extensive releases of meltwater were observed by the ROV.
Additionally, sediments on the seafloor were poorly sorted. An established conduit would entrain
finer sediments and sort the area locally or form weakly stratified sediment.
At the grounding line, tills with varying angles of repose were observed, with stiff tills
supporting a higher angle of repose whereas soft tills were sometimes fluted and had a lower
angle of repose. Suspended particulate matter (SPM) also increased around 10-20m from the
grounding line due to increased ocean water velocity, probably from ocean water inflows being
forced to occupy a smaller cross-sectional area and therefore having to flow faster to
compensate. When present, basal crevasses were observed to push seafloor sediments into small
ridges that were then draped in mud and dropstones. A conceptual summary of Powell et al.’s
(1996) observations is shown in Figure 2.
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Figure 1. Conceptual model of water mass formation and circulation beneath an ice shelf from a
study in the Ross Sea. Not all currents are discussed in the text. ISW = Ice Shelf Water,
HSSW = High Salinity Shelf Water, LSSW = Low Salinity Shelf Water,
AABW = Antarctic Bottom Water, AASW = Antarctic Surface Water,
CDW = Circumpolar Deep Water, MCDW = Modified Circumpolar Deep Water.
C = Convection. T = Tidal circulation. From Smethie and Jacobs, (2005).
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Figure 2. Conceptual model synthesizing in situ observations. From Powell et al. (1996).
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An idealized core stratigraphy and a model of ice shelf sedimentation during retreat was
presented by Domack and Harris (1998) (Figure 3) inferred from sediment core data. At the base
of their retreat model is a diamicton, which is overlain by a pellet-rich diamict, they termed
“granulated facies” where the pellets are composed mostly of coarse granules of till. Up-core
from the pellet-rich diamict in their model is a layer of glacimarine mud that becomes finer upcore until it approaches what is termed the Null Zone. That zone is characterized by an almost
total lack of sedimentation due to the thick ice shelf blocking normal pelagic and hemipelagic
sedimentation. It should be treated stratigraphically as a condensed section. Above the Null
Zone, mud particle size increases gradually until a trace amount of siliceous mud and ooze
(SMO) occurs. Next, dropstones associated with IBRD occur, mixed within (SMO), and then
above this at the top of the core, dropstones decrease in frequency until only SMO is present.
The diamicton at the core base was interpreted to be a subglacial till deposited at the grounding
line. The overlying granulated facies was inferred to have formed from a combination of oceanic
currents and sediment raining out of the base of the ice shelf in the grounding-line proximal zone
after lift-off. Domack and Harris (1998) considered that circulating ocean currents and/or tidal
pumping would be of sufficient energy to entrain the finer sediments melting out of the ice shelf
but not entrain the coarser grains/granules, sorting the deposit and sending the fines to a more
distal location. The up-core glacimarine muds and SMO above the Null Zone are interpreted to
be muds and trace SMO advected under the calving line of the ice shelf by oceanic currents. The
appearance of poorly sorted dropstones is interpreted to be the calving line of the ice shelf
passing over the area. As the calving line becomes more distal from the site the concentration of
SMO gradually increases until it is the dominating facies.
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Figure 3. First conceptual model of ice shelf sedimentation based on core data. An idealized
core is coupled with the model. From Domack et al. (1998).
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Figure 4. Modified conceptual model of ice shelf retreat. Facies thicknesses have been changed
and bedforms were added. From Domack et al. (1999).
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Figure 5. A further updated conceptual model of ice shelf retreat. Grounding zone wedge
geometry has been added, in addition to information noting the location of where each facies is
deposited. From Howat and Domack (2003).
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The above model was modified by Domack et al. (1999a) to include the addition of cross-bedded
intervals and bedforms within the glacimarine muds created by traction currents (Figure 4). The
model was further modified by Howat and Domack (2003) (Figure 5), but it has not been
modified since despite a great deal of new data published over the decade. Howat and Domack’s
(2003) model is lacking scale, a 3rd dimension, more specified facies, geomorphic landforms
associated with retreat, and it does not wholly obey the observations of Powell et al. (1996).

Updated Grounding Zone Model

Figure 6 is an update of the Howat and Domack (2003) conceptual model. It documents
the sedimentation and processes associated with an ice shelf in temporary stand still conditions
for a few thousand years during an overall retreat. The deformation till (green), the actively
deforming layer (orange), and glacigenic debris flows (brown) are all composed of soft
diamicton, but have are colored to emphasize differing depositional processes, which will be
discussed in greater detail shortly. Figure 6 will be described from stratigraphic bottom to top.

Stiff and Soft Till

Stiff till is a massive, matrix-supported diamicton exhibiting a porosity of ~10% with a
high shear strength relative to the overlying soft till (O'Cofaigh et al. 2007). The shear strength
of stiff till is >20kPa, exceeding 100kPa in some locations like Marguerite Trough

Figure 6. Depositional processes and facies at the grounding zone during a prolonged grounding-line standstill.
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(Livingstone et al. 2012). Soft till is a massive, matrix-supported diamicton containing dispersed,
striated clasts in a muddy matrix. Its porosity is around 34–45%, and its shear strength is
generally 0-20kPa, exhibiting variability of 2-15kPa over ~0.1-0.5m thicknesses, sometimes
reaching a maximum of 0.9m (O'Cofaigh et al. 2007). O'Cofaigh et al. (2007) interpret soft till as
being formed by a combination of lodgment and subglacial sediment deformation processes.
They based their interpretation on macroscale and microscale observations of brittle and ductile
deformation and a partition of processes by grain size (plowing by large clasts, deformation of
smaller clasts in the matrix). This partitioning is shown in shear strength profiles by the 0.1–0.5m
increments of shear strength changes in a core. The exact relation and formative processes
associated with soft and stiff till are still currently under debate, however, what is known is that
soft till is derived from stiff till. O'Cofaigh et al. (2007) attributes the transition from stiff till to
soft till from an increase in pore water pressure, citing the increase in porosity in deformation till.
This formative mechanism will be used in the updated conceptual model because it aligns well
with modern observations like those of Christofferson et al. (2003) and Christofferson et al.
(2010).

Mega-Scale Glacial Lineations

Mega-scale glacial lineations (MSGLs) are parallel sets of groove and ridge pairs
composed of soft till, and are found in most paleo-ice stream troughs. They are formed
subglacially. MSGLs are defined with elongation ratios >10:1 (Wellner et al. 2006). On average,
they have crest-to-crest spacings of 200–600m, lengths between 0.5–100km, and are generally
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2-20m high (Livingstone et al. 2012). Figure 6 uses a thickness of 15m, which is towards the
high end of MSGLs heights, for easier visibility to the reader. The formative mechanism for
MSGLs is often debated among researchers. A few of the proposed formative mechanisms for
MSGLs are meltwater erosion (Shaw et al. 2008; Fowler, 2010) or groove-plowing by ice keels
(Clark et al. 2003). O'Cofaigh et al. (2013) examined the internal structure and composition of
MSGLs in Nunavut, Canada. They found that the MSGLs in their field area contained both preexisting sediments and till within some of them, implying that they are not formed from a single
point and then smeared and elongated downstream by extensive sediment deformation. Instead,
the till is a hybrid of glacitectonite/hybrid till created deformation and lodgment composed of
pre-existing sediments that were reworked into the MSGLs over short (< 2km) transport
distances. They also found that erosion occurred between the ridges and deposition and/or
deformation along them, noting that the most elongate MSGLs are also the narrowest. This
mechanism is similar to the proposed groove-plowing mechanism proposed by O'Cofaigh et al.
(2007). While O'Cofaigh et al. (2013) acknowledge that they have not solved the mystery
associated with MSGL formation, they have at least eliminated the subglacial outburst flood
mechanism proposed by Shaw et al. (2008) with quantitative data, and have found that a
combination of erosion and deformation are required for their formation.

Grounding Zone Wedge

Grounding zone wedges (GZWs) are of variable heights, thicknesses, and widths, formed
during long standstills of the grounding-line of an ice stream. They are associated with polar
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glaciers (Dowdeswell and Fugelli 2012), and typically are 10s of kilometers long and 10s of
meters thick (Livingstone et al. 2012). GZWs are thought to act as a control on ice dynamics, as
computational modeling studies have shown that if the sedimentation rate is sufficient they may
help stabilize the grounding-line during rising sea levels (Alley et al. 2007).
GZWs are composed of diamicton beds dipping in an ice distal direction overlain by
horizontal diamicton sheets. They are believed to form in regions with minimal meltwater and
are composed of diamicton beds dipping in an ice distal direction overlain by horizontal
diamicton sheets. They are believed to form in regions with minimal meltwater but lots of
available sediment. GZW are primarily formed by prograding subaqueous debris flows of
glacigenic sediment at the grounding line (Powell and Domack 1995). These debris flows are
called glacigenic debris flows (GDFs), a term introduced by King et al. (1998).
GDFs are triggered by the glacier and not other outside processes as laterally advected
soft till builds up and emerges from the grounding-line (Powell and Alley 1997; Livingstone et
al. 2012). The laterally advected soft till is the orange “actively deforming layer” in Figure 6. As
a GZW forms, the orange actively deforming layer disconformably overlies the dipping
clinoforms previously formed by glacigenic debris flows and passive melt out. The up-glacier
extent of this disconformity is called the coupling line (Powell and Domack 2002). The dashed
line under the GZW between stiff and soft till is based on conjecture, because it is currently
unknown how much the till is compacted as the ice rises and settles on the GZW during tidal
cycles. Tidal flexure is believed to compact the till over time, converted soft till into stiff till as it
is dewatered and may help aid in the stability of grounding-lines. This process is outlined in
Alley et al. (2011) and Christianson et al. (2013).
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Dowdeswell and Fugelli (2012) provided valuable high-resolution seismic data from
various locations around the Greenland continental shelf (Figure 7). This data is extremely
valuable because the internal structure of GZWs is rarely shown in literature because they appear
chaotic in lower resolution seismic data (cf. Shipp et al. 1999 and Anderson 1999).
Dowdeswell and Fugelli (2012) noted the following characteristics in their seismic data:
1. GZW interiors are generally poor resolution with transparent and occasionally chaotic internal
acoustic structure, 2. Reflections appear to offlap and prograde in a seaward direction, 3. Onlap
is shown in the internal reflections of some GZW and on the top of the ice-proximal side of the
GZW, 4. A continuous reflection is usually present on the top surface of GZWs, 5. Truncations
of reflections on the lee side of some wedges and truncations of internal reflections in some
GZWs, and, 6. Evidence now exists of channel-like features in the direction of ice flow within
some wedges. A typical GZW from the NW Greenland margin that has all of these
characteristics except for the channel-like features is shown in Figure 7. The transparent/chaotic
internal reflectors typical of other works have been interpreted to be GDFs that flowed down the
steeper seaward side of the GZW during progradation. The GDFs are derived from the actively
deforming layer that has been observed under modern ice streams. Powell et al. (1996) observed
both soft and stiff till coexisting and emerging from the grounding-line in his ROV study and
suggested such soft till could form such clinoforms with flowage (Powell and Alley, 1997).
Relative to what has been observed, the prograding GDFs that emerge from the grounding-line in
the model (Figure 6) are also composed of soft till, but they have been colored brown to
distinguish them from soft till by depositional mechanism. Figure 6 includes the internal
reflectors noted by Dowdeswell and Fugelli (2012) that imply progradation and the truncated
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Figure 7. Seismic data of a GZW from off the NW Greenland coast enlarged and interpreted to
the right. 3 – Truncation, 4- offlap. The prograding reflections are truncated at their tops and
appear to onlap a mostly flat lower reflection. This lower reflection below the wedge has been
dashed in Figure 6. From Dowdeswell and Fugelli (2012); note the vertical exaggeration is not
specified in the original document, but it is at least 50x.

reflectors which imply erosion are also included. The small channel-like features observed by
Dowdeswell and Fugelli (2012) (Figure 9 in their publication) are not included in Figure 6
because they are too new of an observation and not enough is known about them at this time to
warrant inclusion. However, the reader should be aware of their potential future importance after
further work on the subglacial hydrological system, especially if a link between the subglacial
hydrologic system and small channel-like features is discovered.
Figure 6 does not show the GZW after a complete retreat of the ice stream, which is what
the reader is most likely to encounter in the literature. As the ice stream is retreating down the
GZWs stoss side, it will deposit soft till in horizontal layers on top of the prograding clinoforms,
usually in the form of more MSGLs. Figure 8 shows a bird's-eye view of a smaller GZW from
Pine Island Trough. The GZW has MSGLs on its stoss side at a slightly different orientation than
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those seaward of the wedge, implying a different direction of streaming flow. It is important to
know that the GZWs encountered in the literature will have additional horizontal reflectors on
the stoss side associated with the deposition of this additional soft till (assuming no iceberg
scouring). Additional thickness of near-horizontal facies and seismic reflections will come from
any overlying shelfstone mud or diatomaceous mud.

Shelfstone Mud Drape/Granulated Facies

The shelfstone mud drape is only shown within the inset of Figure 6, however its areal
extent is shown in the larger portion of Figure 6 between the grounding-line and the arcing
dashed lines labeled “meltout settling”. This facies was omitted from the larger portion of Figure
6 to avoid confusion, as it could be mistaken for a clinoform when it is actually deposited as a
thin drape. The shelfstone mud facies is shown as the same color as the basal debris because it is
derived from that material. Boundaries for the settling process from sub-ice-shelf meltout is not
shown as a vertical line but it arcs due to tidal pumping processes, which entrains finer sediment
and carries it more distally from its source. Tidal pumping occurs when incoming tides are
forced to occupy a smaller cross-sectional area as they approach the grounding-line, forcing the
water to move faster to compensate. The grounding-line during tidal fluctuations either rises or
settles down on the GZW during this process, depending on tidal stage. This area is no more than
4km long at the grounding-line of Whillans Ice Stream (Horgan et al. 2013). The faster moving
water can then entrain either very recently deposited fine loose sediment or fine sediment
actively melting from the base of the ice shelf. The entrained finer sediment is then carried away
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and deposited distally from the coarser sediments, sorting the material. The inset in Figure 5
shows ideal circumstances where the tidal pumping current approaching the grounding-line head
on, however in reality this is unlikely. There are numerous ways tidal pumping can entrain and
transport sediment depending on grounding-line geometry, the angle of the tidal pumping current
in relation to the grounding-line, and the tidal pumping current's velocity, so the impact of the
process can vary spatially. Existing oceanic effects such as gyres or other pre-existing currents
like high-salinity shelf water (HSSW) or Circumpolar Deep Water (CDW) may magnify or
subdue tidal pumping processes, adding even further complications. Tidal pumping is thought to
create traction currents that can form laminated sediment whose laminae thin up-core as the
grounding-line retreats (Maas, 2012).
Another process omitted from the figure is the effect channels incised in the bottom of the
ice shelf have on sedimentation. Le Brocq et al. (2013) found evidence of large channels incised
upside-down by buoyancy in Filchner-Ronne Ice Shelf using radar data. Similar sub-ice-shelf
channels on the PIG shelf and along the Siple coast of the Ross Ice Shelf (Mankoff et al. 2012).
The channels are thought to be melted by weak meltwater plumes originating from point sources
at the grounding line. These point sources are attributed to subglacial conduits that form part of
the distributed channel network of the subglacial hydrologic system. It is possible for these weak
meltwater plumes to entrain some of the finer sediments and carry them for a distance from the
grounding-line more distally, however this process has not been directly observed so its
significance in sedimentation is completely unknown.
In addition to the above, studies of basal ice debris like Engelhardt’s (2013) study of
Kamb Ice Stream have found various concentrations of sediment in the basal ice stratigraphy (ice
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and sediment stratigraphy, not just sediment stratigraphy). In Engelhardt’s et al. (2013) study,
some layers preserved only sediment mud clots, no sediment at all, or larger grains (maximum of
40 x 60mm) together with smaller grains (Figure 8). This implies that the shelfstone mud flux
will vary over time depending on what layer of basal ice is currently being melted at the time.
Figure 9, below, shows several observations of different concentrations and grain
sizes/assemblages of sediment within basal ice sequences. The variations in the basal debris
concentrations are shown as the darker bands of debris within the basal debris in the inset of
Figure 6.
The Null Zone

The null zone is not shown in full in either the grounding zone section or the calving line
section because it is an area of minimal to no deposition, i.e. forms a hiatus or condensed section
in the glacimarine stratigraphic record. This area is a relict surface with minimal active
sedimentary accumulation because sunlight cannot penetrate the ice shelf to support life that
requires photosynthesis and because the ice shelf roof shields the area from eolian dust or an
ashfall. The scale of this area is vaguely defined, however, Howat and Domack (2003) mention
that the ice shelf needs to be sufficiently large to have a null zone. The Ross and Filchner-Ronne
ice shelves each have over 200km between their grounding-line and calving lines, so “100s of
km” was chosen as the scale for this region. Turbidity currents and other deposition due to nonglacial processes like seismic activity may still affect this area, but it is unlikely.
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Figure 8. GZW from Pine Island Trough with MSGLs on its stoss side surface in both color and
black and white. Note the slightly different orientation of the MSGLs on the stoss and lee sides of
the GZW and the sinuous form of the front. Paleo-ice flow (red arrow) was from the bottom of
the image to the top. From Livingstone et al. (2013).
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Updated Calving Zone Model

The calving line area depicts the depositional processes associated with the calving line
of the ice shelf that has remained stable and will soon calve off a large tabular iceberg in the
future (Figure 10). Labels on the bottom of the figure in the foreground are related to various
assemblages likely to occur in diatomaceous mud, whereas the labels in the background at top of
the figure divide the area up geographically into zones. Diatomaceous mud subdivided into four
facies: 1. High Productivity Assemblage, 2. IBRD + Sea Ice Diatom Assemblage, 3. Sea Ice
Assemblage, and, 4. Open Ocean Assemblage. The geographic zones in the background are: 1.
Iceberg Zone, 2. Sea Ice Zone, and, 3. Open Ocean Zone. The stiff and soft till facies are not
associated with calving line processes, however they are included to imply that grounding line
retreat has occurred. The boundaries of each facies in the calving line section are highly variable
on even annual timescales, especially when polynya and sea ice volumes are considered. Figure
10 is a representation of a snapshot in time and is intended to show an “average” of the
boundaries shown in the figure.

27

Figure 9. Borehole camera observations modified from Englehardt et al. (2013). Top left: Finely
laminated wispy frazil ice accreted from super-cooled water. Top right: Large smooth rock partly
embedded in rough borehole wall 1m above base of ice. Bottom left: Close-up of large smooth
rock visible in [Engelhardt's] Figure 15. The rock/icewall transition is visible as a faint line at
left. Bottom right: Clear basal ice with sharp lower ice edge. Picture is upside-down, with slightly
turbid water at the top of the image (below the ice).
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Figure 10. Conceptual model of sedimentation in a calving line environment. An iceberg is not
shown in this figure due to their extremely low sediment content, however they can occasionally
contribute iceberg-rafted debris. Water column thickness is out of scale with the thickness of the
ice shelf at its calving line to conserve space.
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Iceberg Zone

The iceberg zone covers the area from the site of a future calving event to the maximum
iceberg drift distance, which is the farthest from the shelf an iceberg can drift before melting.
The area also includes polynyas and their associated high productivity assemblages. These
features may not be permanent in one location, but could produce a recognizable sediment record
using its high diatom productivity as a proxy.

Polynyas

Polynyas are formed when either katabatic winds constantly blow newly formed sea ice
away from near the calving line, or when sea water warm enough to melt sea ice upwells (figure
10). Polynyas vary in surface area on timescales as small as a season.
Mankoff et al. (2012) studied polynyas in Pine Island Bay formed by upwelling warm
Circumpolar Deep Water (CDW) mixed with meltwater from Pine Island Glacier's ice shelf
(Figure 11). They found that one to three polynyas would frequently appear in the same
locations, however calving events would change their locations, and even without a major
calving event these polynyas could still vary in number. The polynyas were associated with
channels incised in the bottom of the ice shelf, not unlike the channels mentioned earlier
associated with the hydrologic system at the grounding zone by Le Brocq et al. (2013).
Deposition of a High Productivity Assemblage (HPA) associated with polynyas may not
necessarily be vertical as is shown on Figure 10. A certain amount of conical spreading can
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occur as deceased diatoms slowly settle to the seafloor, and are dispersed by currents. A
component of lateral advection in the landward direction is shown increasing the seafloor area of
the deposit landward of the line under where a new iceberg is about to calve off, which inflates
the area of the HPA facies. To accumulate this facies into a recognizable thickness depends on a
polynya occurring at the same location over several years, as one lasting only a summer probably
will not generate enough sediment to be recognized in the geologic record.

Iceberg-Rafted Debris

Maas (2012) drilled a hole through the Ross Ice Shelf near its calving line and using a
camera observed no englacial or subglacial debris through their ice borehole. However, the
seafloor had boulder and cobble sized clasts scattered across the surface in addition to the
expected fine sands and muds (Figure 12). Maas’s (2012) study site may have had an artificially
high concentration of coarse debris due to its proximity to Ross Island, however, it does show
that rafting of debris is occurring in the area, most likely when the calving line was farther
upstream from its current location
A large area of IBRD on Figure 10 is slightly misleading because a recognizable calvingline facies is difficult to find in the Ross Sea due to the low concentration of englacial debris
within the ice shelf. The IBRD facies distribution in Figure 10 represents the area where IBRD is
most likely be found, however the presence of this facies is not guaranteed. The “Maximum
Iceberg Drift Distance” line on the figure represents an average and is dashed because the actual
limit is highly variable.
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Figure 11. Three polynyas at the edge of Pine Island Glacier's ice shelf. Image was taken on
January 16th 2004 by a MODIS satellite. From Mankoff et al. (2012).

Figure 12. Image of the seafloor near Coulman High in the Ross Sea displaying scattered
cobbles and boulders as well as epibenthic organisms. From Maas (2012).
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Exceptional circumstances have been observed in modern settings where the right combination
marine currents and winds will push very large icebergs 1000s of kilometers. Iceberg A-38
calved from the Filchner-Ronne Ice Shelf in 1998 and is thought to have drifted far enough to be
seen from the South Island of New Zealand (NASA, 2004) Additionally, pieces of Iceberg B-15,
which calved from the Ross Ice Shelf, drifted over 3500km and were sighted from the South
Island of New Zealand (NSF, 2000).
In polar environments, most icebergs remain close to the calving line because they are
trapped by sea ice (Powell and Domack, 2002), and other times they will drift far northward as
icebergs A-38 and B-15 did. The likelihood of finding IBRD in a polar environment is greatest at
the calving line and decreases as one travels farther seaward. Some fine-grained calving line
sediment is advected back under the ice shelf (Domack and Harris, 1998) but rates and
magnitudes remain unquantified.

Sea Ice

Beyond the Maximum Iceberg Drift Distance is an area composed of only sea ice or the
“normal” pelagic realm, depending on location, currents and size of bergs. The areal extent of
sea ice changes on an annual scale, and this maximum is treated as an averaged maximum, in a
similar way to the Maximum Iceberg Drift Distance line for icebergs. It is possible for sea ice to
entrain and transport debris, however this process is rare to absent far from a coastline in an
unconfined ocean (Powell and Domack, 2002). The Ross Sea sea-ice assemblage is characterized
by high concentrations of the sea-ice related diatom Fragilariopsis curta and associated taxa
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(Leventer and Dunbar, 1996) eolian sediment, and sediment redistribution from winnowing
processes.

Open Ocean

The open ocean encompasses the area seaward of the Maximum Sea Ice Extent and/or
Maximum Iceberg Extent, and typical pelagic sedimentation dominates. No extent is placed on
this area because it is unconstrained.

Diatom Assemblages

The diatomaceous mud facies is subdivided into four sub-facies for greater specificity.
These subdivisions are based on modern seafloor assemblages. Not all diatoms are preserved
through the full water column to settle on the seafloor, as they are subject to dissolution and
other destructive processes. This creates various forms of depositional bias, usually favoring
more robust and heavily silicified forms (Warnock 2013). The marker diatom species used to
define each facies is taken as the key representative of the assemblage that accumulates in a
particular zone.
The area from the calving line to the Maximum Sea Ice Extent will contain an
assemblage dominated by Fragilariopsis curta. This dominance was observed in sediment traps
near the seafloor in two areas of the Ross Sea under congelation sea ice (Leventer and Dunbar,
1996, Dunbar et al. 1998). Abundant resting spores of the genus Chaetoceros, are indicative of a
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high productivity area like a polynya. The likelihood of finding an assemblage dominant in
Chaetoceros increases if it is associated with a more stable polynya, like the seasonal polynyas
connected to inverted sub-ice-shelf channels observed by Mankoff et al. (2012). Current
winnowing and lateral advection processes will generally leave behind an assemblage enriched
in Thalassiosira, as it has robust and heavily silicified valves that are harder to break up and
dissolve during depositional processes. Thalassiosira is generally characteristic of open water
conditions.

An Idealized Retreat Sequence

An idealized core section representing an ice shelf retreating over a site at a constant rate
is presented in Figure 13 that illustrates a stratigraphic succession from subglacial deposition to
open marine with the calving line distal to the core location. The colors of each facies match
those used in the grounding zone (Figure 6) and calving line (Figure 10) models. It is a modified
and more up to date version of the idealized retreat sequence presented by Howat and Domack
2003 (Figure 5). Facies descriptions are grouped according to their depositional environment in
stratigraphic order. Aspects of each facies, their shear strengths, water content, etc. vary globally;
those in Figure 13 are biased toward data collected in the ocean surrounding the Antarctic
Peninsula and in the Ross Sea. Ice shelf retreat sequences are rarely found as a complete
package, and it is not uncommon for several facies to be absent. Later in this section after the
main core has been described, two additional styles of retreat are described and modeled that
modify the initial retreat sequence presented.

Figure 13. An idealized sedimentary sequence deposited by a constantly retreating ice shelf.

Figure 13. An idealized ice shelf sequence deposited by a constantly retreating ice shelf
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The first core modifier represents a sequence deposited from a stagnating ice stream that
eventually shut down, much like Kamb Ice Stream's present situation (Christofferson and
Tulaczyk 2003). The second core modifier shows the sedimentary signature of a sudden ice shelf
disintegration event via the crevasse hydrofracture process (cf. Skvarka 1994; Scambos et al.
2009; Domack and Gilbert 2003).
Subglacial Environment

Glacial Erosion Surface

The retreat sequence begins with a Glacial Erosion Surface (GES), which is shown in
Figure 13 as a sharp basal contact in red. It is important for the base of a full retreat sequence to
have evidence of subglacial deposition, as diamicts can be created through subaqueous
deposition proximal to the grounding-line or through mass flows sourced by non-glacial
processes. Clast provenance greatly helps the interpreter to identify a non-glacial vs. glacial
origin between very similar looking diamicts. In core, a GES may not necessarily be an obvious
thin line like erosion surfaces in other more traditional sequences and sometimes should be
treated as a zone. Subglacial processes will commonly heavily shear the underlying sequence and
may even intermix the two facies together. Structures indicative of planar shear and rotation are
usually present, which includes soft-sediment intraclasts with horizontal elongation, small
pebble/granule clustering around the outer edge of larger grains, a preferential grain alignment,
sheared wispy mudstone laminae, and well-defined clay rims surrounding larger clasts. The
lower facies may also have low angle reverse faulting, load structures, fluid escape structures,
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and may be brecciated. Microstructures found above the GES include comet structures and fine
clasts wrapped around sand grains in thin section (Cowan et al. 2012 and McKay et al. 2012).
In Figure 13, the GES is shown above a brecciated diatomite unit. The diatomite unit is
not part of the retreat sequence, however it has been included to help show that it is important to
consider the facies and corresponding depositional processes above and below a possible GES to
define it as one.

Stiff Till

Stiff till most commonly occurs above a GES as clast-rich poorly sorted matrix-supported
diamicton with a low porosity (~10%) and high shear strength (>100kPa), having been deposited
in a subglacial environment. Work needs to be carried out globally to define a better-constrained
shear strength criterion, as the shear strength difference between the two stiff tills varies by
geographic sampling location. For example, in O'Cofaigh et al.'s (2007) study from Marguerite
Trough, the shear strength of stiff till is defined as >20 kPa. Occasionally stiff till exceeded 100
kPa in their data (the device used to measure shear strength had a maximum value of 100 kPa but
actual shear strengths may have been much greater). Conversely, the soft till defined in
Christofferson and Tulaczyk's (2003) Baltic Ice Stream till study in the northern hemisphere
exceeds 100kPa relative to the stiff till in that area, which locally had shear strengths near
350kPa. Microscale structures within a typical stiff till include shear planes, sediment banding,
rotational structures, and faint plasmic fabrics (O'Cofaigh et al. 2007). Stiff till is generally
heavily compacted and dewatered relative to the overlying soft till (Domack et al. 1999a).
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Massive Soft Till

Commonly above the stiff till is a massive clast-rich poorly sorted soft till with a higher
porosity (34 – 45%) and a lower shear strength (usually <20 kPa fluctuating between 2-15 kPa
over 0.1-0.5 m thicknesses. These are generally interpreted as subglacial deformation tills (as
presented in Fig. 13) and they commonly have particle-size distributions that are uniform
(McKay et al. 2012), meaning proportions of each size class are about equal. It is possible to
deposit a massive till via mass flows or GDF's, however the ideal core in Figure 13 represents
subaqueously deposited massive till in the GZW facies only. Usually in the literature a massive
till occurs above a sheared facies that rests on a GES and may contain macroscale features
indicative of shear or rotation. Such structures gradually decrease up-core until the deformation
till becomes relatively featureless and is homogeneous in macroscale appearance. Soft massive
tills are associated with various microstructures including attenuated and inclined soft sediment
clasts, shear planes, shear zones, banding, aligned clasts, and circular structures (O'Cofaigh et al.
2007). Soft till is thought to be derived from the underlying substrate, which is usually but not
always stiff till. Additionally, a horizontal clast alignment may be present within the massive soft
till (McKay et al. 2009).
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Grounding Line Proximal Environment

Stratified Soft Till

Overlying the massive soft deformation till in an ideal succession is stratified
deformation till, which usually has the same clast composition as the underlying massive
deformation till. This retreat sequence describes stratified diamicton deposited through passive
meltout in a short water column, however, weak stratification can be created via subglacial
processes. Stratification produced by subglacial genesis can be created by pore-water
fluctuations when very fine grains are entrained into mobile pore water, or when mud is removed
from larger clasts from subglacial water pressure (Cowan et al. 2012).
The stiff lodgment till, massive deformation till, and stratified deformation till should
contain a low diatom abundance if a large ice shelf was present because the great distance of the
calving line relative to the grounding-line prevents diatom advection. The very thick ice shelf
roof also blocks photosynthesis, preventing new diatom blooms from forming, except under
special circumstances (see Barrett, 1975). A tidewater calving front would allow both groundingline proximal and diatom sedimentation to occur contemporaneously, giving diatoms a greater
chance of preservation during oscillations of the grounding-line. During an investigation of
depositional bias in the Ross Sea, Sjunneskog and Scherer (2005) found that pennate forms and
larger diatoms were generally absent and inferred to have been destroyed by subglacial shearing
in subglacial till. Any diatom content found would be enriched in pre-glacial diatoms (pre-LGM
diatoms if one is investigating an LGM-aged sequence), especially if they are heavily silicified
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forms (Sjunneskog and Scherer 2005; Scherer et al. 2004).

Pellet-Rich Diamict

Capping the soft till is a pellet-rich diamict that is clast-rich and muddy, and
characterized by an abundance of till pellets in the sand-sized fraction. Till pellets are rounded,
spherical to prolate aggregate grains associated with turbate microstructures and aligned grains.
Till pellets often have a core grain composed of stiff till or a lithic grain with additional till
accreted around the grain, forming the rounded mm- to cm-scale till pellets (Cowan et al. 2012).
Cowan et al. (2012) found evidence for in situ formation of till pellets near the top of an unusual
deformation till unit at ~47m depth in the AND-1B core. They also state that till pellets are
indicative of streaming flow under a polar climate regime within fine-grained deformation till.
The pellet-rich diamict is equivalent to Domack et al.'s (1999a) granulated facies. Other authors
(Domack and Harris 1998; Domack et al. 1999a; Howat and Domack, 2003; McKay et al. 2012)
associate till pellets strictly with grounding-line proximal meltout processes, however, they do
not specify a mechanism for formation or deposition. Cowan et al. (2012) proposed two methods
of till pellet formation. The first is a mechanical shearing method, and the second is
thermodynamically produced. They propose that the more commonly found “exoctic” till pellets
characteristic of the granulated facies may freeze-on to the base of an ice stream upstream, and
then be melted out later at the grounding-line. However, they maintain that till pellet genesis is
subglacial within the deformation till and are not always indicative of passive meltout. Despite
this debate, the till pellets are either near the top of the deformation till or deposited directly on
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top of the deformation till in almost the same place.
The pellet-rich diamict contains more intraclasts than the underlying massive deformation
till, and has a spike in the silt mode of the particle-size distribution. Thin interbedded sandstones
and mudstones may be present in higher energy more grounding-line proximal areas (McKay et
al. 2009). Dropstone structures may be present in this facies along with mud/sand/gravel
laminae. Any diatoms or diatom fragments found in the granulated facies will be enriched in
heavily silicified forms, and depleted in larger or pennate forms (Sjunneskog and Scherer, 2005).

Grounding Line Proximal to Grounding Line Distal Environment

Cross-Stratified Sands and Laminated Muds

In most sequences, laminated sands and/or muds sharply overly the granulated facies.
These strata are thought to have been created by traction current processes. McKay et al. (2012)
noted a 1m-thick sequence of cross-stratified well sorted sandstones, suggestive of traction
currents. Domack et al. (1999a) also found sandy muds above the pellet-rich diamict in some
cores (NBP 1995-01 TC-18, for example), however those muddy sands were not cross-stratified
like those in McKay et al. (2012). Other cores mentioned by Domack et al. (1999a) had
laminated muds above the pellet-rich diamict and no sands. Maas (2012) observed mud laminae
that decreased in thickness and grain size as one went up core. These laminae eventually required
x-ray imaging to be observed, as 45 of them occurred in just a 5cm core length. The declining
thickness and particle size in the laminae are suggested to be deposited by waning sub-ice shelf
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traction currents created by tidal pumping processes (Maas, 2012). These waning currents are
thought to act as a sorting mechanism to entrain finer-grained sediments and carry them distally.
Maas (2012) looked at the sortable silt content of core CHGC-11 and found that paleo-current
strength measurements of silt fraction showed a decreasing current strength up-core, associated
with the retreat of the grounding-line to a progressively more distant location. The ideal retreat
sequence will include these sands and grade from cross-stratified sands (grounding-line
proximal, but beyond the distance debris can be carried by basal ice before melt-out) to
laminated muds as the grounding-line becomes more distal to the core site. In all cases, the
laminated muds eventually grade into massive muds. Any diatom frustules found in either the
massive or laminated sands/muds will be subject to the same size sorting processes as the silts
and clays. Additionally, because this area is still a sub-ice shelf environment all diatoms found
will once again pre-date the currently studied glaciation, be enriched in heavily silicified forms,
and be depleted of pennate-shaped diatoms or larger diatoms (Sjunneskog and Scherer 2005).

The Null Zone to Calving Line Environment

Massive Sediments

The massive muds between laminated mud and calving line deposits are representative of
the “Null Zone”, which is a condensed section characterized by minimal deposition of only the
finest of particle sizes. Up-core from the Null Zone are massive clays, silts, and very fine sands
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associated with the approaching calving line. Additionally, the first appearance of “newer”
diatoms relative to the pre-glacial diatoms found in the subglacial diamictons/pellet rich diamict
occurs here. These diatoms are advected under the ice shelf via oceanic processes, and are the
first sign that the calving line is approaching the area. Bioturbation may occur very near the
calving line, because a food source to support benthic organisms is present.

Calving Line Environment

Dropstone Diamict

Overlying these muds is a dropstone diamict, indicating deposition directly under the
calving line. In polar climates dropstone diamicts are hard to find given the low concentration of
debris in icebergs and the inherently patchy and random distribution of the facies (Powell and
Domack, 2002). Disturbed laminae and other structures indicative of dropstone deposition like
clast nests can help distinguish this facies from other non-glacial deposits such as a debris flow
or post-glacial iceberg scour diamict.

Open Ocean Environment

Diatom Muds

The idealized retreat sequence will then be capped by the marine sequence of diatoms
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mentioned above in the calving line section of this chapter. If a high concentration of reworked
post-glacial diatom frustules is present, then modifying processes such as dissolution, current
winnowing, or iceberg scouring (Sjunneskog and Scherer, 2005) has occurred.

Important Core Modifiers

Crevasse Hydrofracture

This section is primarily based on results obtained by Gilbert and Domack (2003) from
cores collected where Prince Gustav Ice Shelf and Larsen-A Ice Shelf had existed earlier in the
Holocene. Both gravel content and fine-grained sediment texture in a centimeter-scale
coarsening-upwards sequence or couplet were interpreted to represent an ice shelf disintegration
signal at the surfaces of 65% of the 26 grab samples and sediment cores. Core 28 from the Prince
Gustav Channel area (Figure 14) shows a thin (<10cm) coarsening-up sequence at the core top.
The bottom of the disintegration sequence (not the bottom of the core) is sand, which is
suggested to have been either transported a distance englacially, or transported supraglacially if it
is sourced from nunataks or outcrops and deposited via eolian processes. Using 210Pb dating, the
researchers found that sediment accumulation rates rise rapidly before just before disintegration.
This is associated with the linear melt ponds on the surface of the ice shelf that randomly rift
through the ice shelf over time, releasing any trapped sediment trapped within the crevasses as
the pond drains. As sediment is released into the water from these ponds, the sediment dispersal
is affected by whatever oceanic currents are in place at the time of deposition (Gilbert and
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Domack, 2003). This process is outlined below in Figure 14. Sands and finer-grained sediments
are thought to be what ends up in the basal crevasses, as it requires too much energy to transport
gravels with wind. Above these melt-pond sands are gravels, which are associated with medial
moraine deposition. These medial moraines deposit sediment as icebergs roll over and melt
during/after the disintegration event. Both the sand and gravel should be treated as a patchy
deposit and not as a drape. If one assumes all crevasses were filled with water and then
simultaneously drained with its sediment load, the deposits left on the seafloor will still be
patchy. Some distance will still be between each drained crevasse as one goes seaward, creating
a patchy deposit under even ideal conditions. On Larsen-B Ice Shelf prior to collapse, some
crevasses were drained of water showing relict shorelines, while some crevasses that did not
drain (Figure 14). An ice shelf may survive several very warm summers with filled in crevasses
before total disintegration while melt ponds randomly drain during different summers.
Additionally, the gravels associated with englacial medial moraines are subject to normal IRD
processes and randomness. Surficial ocean currents, winds, and other forces also may help to
concentrate debris into one area preferentially over the other. Gilbert and Domack (2003)
acknowledge that their study is influenced by the local geology, which may create a bias in the
sand fraction. Nunataks were available to supply eolian sediment, and the area near the ice
shelves also contained an easily broken frost-weathered Cretaceous sandstone. A larger system
like the Ross Ice Shelf contains no such nunataks with it (unless Ross Island is considered a
nunatak). A larger and thicker ice sheet during a full glacial may override any existing nunataks,
leaving meteorites as the only source of supraglacial sediment. Maas (2012) observed no
englacial debris when coring through the entire Ross Ice Shelf, which is different than the medial
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Figure 14. From right to left (a) particle size distribution (b) mean particle size and sand
content, (c) 210Pb concentrations ± 1 standard deviation, and (d) depth and mass accumulation
rates. Differing scales in each portion of the figure. Modified from Gilbert and Domack (2003).

moraines observed in satellite data off the Antarctic Peninsula. Gilbert and Domack’s (2003)
findings may be more likely to preserve a signal of disintegration relative to other ice shelves
because of the local geology.

Ice Stream Shutdown

In their paper investigating Danish tills, Christofferson and Tulaczyk (2003) showed an
increase in shear strength up-core, which is the opposite of what one would expect from a retreating
ice stream, especially in an area that was not in a polar climate. They proposed that the rapid
horizontal advection of cold ice from inland (colder area) eventually shut down the ice stream,
leaving behind the reversed soft to stiff bulge shaped shear strength profiles (Figure 16).
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Figure 15. A-C: Conceptual model of ice shelf disintegration via the crevasse hydrofracture
process. A represents a stable ice shelf. B is an ice shelf several years before disintegration with
periodically draining ponds, while C is the ice shelf immediately after break up. D: LANDSAT 7
image of Larsen-B Ice Shelf. Drained ponds are arrowed. Modified from Gilbert and Domack
(2003).
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Figure 16. Two typical bulge-shaped shear strength profiles of an ice stream which shutdown
due to basal freezing forced by cold ice advection (Christofferson and Tulacyzk 2003).

If enough cold ice is advected into an area with a high enough ablation rate, the thermal energy
balance will become negative and basal freeze-on will begin. If the till has ample pore space, pore
waters with freeze. If the till does not have sufficient pore space, which maybe common in finegrained deformation tills, then the water will be unable to crystallize in the pore spaces and become
supercooled. If the supercooled water exits the till through a process like shearing, the supercooled
water will immediately freeze-on to the base of the ice stream. This process can create a positive
feedback loop where the ice stream begins to slow down, which lowers the frictional heat
component and encourages further freeze-on (Christofferson and Tulaczyk 2003). Like the ice
shelf disintegration process mentioned above, this process is meant as a “hat” which can be placed
at the top of a diamict sequence. Not all increases in shear strength are from an ice stream
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experiencing shutdown, and the reader should be very careful and consider other possible
mechanisms of till consolidation like the compaction process associated with GZW's outlined by
Christianson et al. (2013). These findings are significant for the current study because an ice stream
shutdown may thin the ice stream sufficiently so that it cannot support an ice shelf any longer and
cause it to collapse, creating a tidewater terminus in almost instantaneous geologic time. This can
create a situation where an isolated lens of ice shelf sediments are left behind from a temporary
paleo-ice shelf that must be cross-correlated with surrounding core data (cf. Kirshner et al. 2012).

Conclusions

An extensive review of all relevant old and new published data/processes concerning ice
shelf sedimentation have been outlined and combined in this chapter to update the most recent
ice shelf sedimentation model. The updates include the addition of new published data processes,
the addition of a third dimension, a relevant scale, and the division of the ice shelf system into its
two major depocenters, the grounding zone area (Figure 6), the calving line area (Figure 10), and
the updated idealized constant retreat core (Figure 13).
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CHAPTER 2:
A NEW HYPOTHETICAL MODEL OF ICE SHELF SEDIMENTATION
ON A CONTINENTAL SHELF SCALE

Introduction

This stratigraphic model has been created from sedimentation rates, and average
geometries of Antarctic landforms and with the purpose of demonstrating an ideal representation
of the spatial and temporal facies successions created by a hypothetical cold- based ice stream
terminating as an ice shelf. This hypothetical model is meant to serve as a starting point to
develop a sedimentation model showing sedimentation at a true continental shelf scale. This
“learning tool” approach is much like the approach textbooks use to outline a feature such as a
delta. A typical textbook chapter on deltas will introduce a delta, and then add further
complications later in the text to the delta as reader progresses through the chapter. This chapter
will follow a similar format, outlining methodology and processes that will be used to test the
model in later chapters of this thesis. This hypothetical model covers an advance and retreat from
the continental shelf break and back to the inner shelf through a full glacial sequence. The model
is based on pre-existing models and the direct observations of the robotic submersible used in
Powell et al. (1996).
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Model Constraints

Continental Shelf

Transect Location within the Paleo-Ice Stream Trough

This model is representative of the facies deposited by an ice stream terminating as an ice
shelf along the central axis of a hypothetical bathymetric cross-(continental) shelf trough. The
central axis of the trough is emphasized because it is usually the locus of sedimentation, and
because sedimentation styles vary even within atypical bathymetric cross-shelf trough. This is
especially true at the terminus of the trough on the continental shelf break. Gales et al. (2013)
study on gully morphology found that subglacial meltwater focusing to the margins of a trough
created differing gully morphology relative to other areas in the same trough. Also, O'Cofaigh et
al.’s (2012) study of the Uummannaq Fan in West Greenland concluded with a sedimentary
model showing differing glacigenic processes at the trough margins resulted in unique
depositional processes on the trough mouth fan (TMF) margins when compared to the axis of the
fan (Figure 17). The trough axis was generally found to have more active sedimentation, whereas
the trough margins were more passive and allowed more facies to survive without being
reincorporated into a mass flow.
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Figure 17. Conceptual model comparing differing glacigenic sedimentary processes at the
trough margins and trough axis on the Uummannaq Fan in West Greenland.
From O'Cofaigh et al. (2012).
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Omission of the Inner Shelf Area

The ice shelf model does not show a complete shoreline to continental shelf profile.
Instead, it is limited to the middle to outer shelf, which are seaward of the rugged crystalline
rocks typical of inner shelf area in most paleo-ice stream troughs. The omitted area of crystalline
bedrock is ignored because it is an erosive area dominated by incised channels, p-forms,
whalebacks, and other landforms. Additionally, if any sedimentary deposits are found in this area
they are typically patchy and thin, and thus are far below the model's resolution. Graham et al.’s
(2009) paleo-ice stream landform model (Figure 18) demonstrates this typical continuum from
crystalline bedrock to softer sedimentary substrate. The area with the red cross over it is omitted
from the model constructed here.

Transect Dimensions Used

The ice shelf model utilizes a hypothetical 300-km-long continental shelf; this length
being chosen based on averaging data from a table in Livingstone et al. (2012) (Table 1).
Livingstone et al.’s (2012) lengths were measured along the axis of the trough from the
continental shelf edge to the modern ice front. Although the average length of all troughs in
Table 1 is approximately 282.17 km and includes the zone of crystalline bedrock omitted from
this model, a larger than average 300 km sedimentary wedge is not unreasonable and would fit
within the data. Additionally, many of the measurements in Table 1 of longer paleo-ice stream
troughs are taken from the continental shelf break to the ice front of an ice shelf, indicating that
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Figure 18. Paleo-ice stream landform model. Modified from Graham et al. (2009).
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Table 1. Summary of length, width, water depths, and the gradients of numerous paleo-ice
stream troughs from around Antarctica. Modified from Livingstone et al. (2012).
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the grounding zone is even farther back and the trough is longer than reported in Table 1.

Reversed Shelf Gradient

The ice shelf model has a continental shelf with a slight negative gradient (i.e. slopes
toward the continent), which is not usual for a high-latitude continental shelf. This reversed
gradient is due to isostatic loading from the weight of the continental ice sheet that would be
feeding the ice stream. In this model, the slope of the continental shelf remains constant through
all modeled time-steps. This is an unlikely real world scenario, as the continental shelf would
subside due to the increased amount of ice nourishing the ice stream that allows it to thicken and
advance. Additionally, no real-world continental shelf will be completely flat and devoid of
topography as in the idealized model. The ice shelf model's continental shelf has a gradient of
approximately -0.00005° (16m rise over 300 km distance), which is less than the gradients in
Table 1. However the chosen gradient is still reasonable if one considers that the gradients
presented in Table 1 include the jagged crystalline inner shelf, which has the deepest water and
highest relief overall. The profile of Marguerite Bay from Livingstone et al. (2012) is shown
below to demonstrate this (Figure 19). Note that the final ~200 km of Marguerite Bay's trough
has considerably less relief and still shows the typical gradual negative gradient.

Omitted Landforms

Gully/channel systems of various morphologies incised into the continental shelf break
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Figure 19. Axial length trough profile taken from ice front to shelf break showing the overdeepened inner shelf area, which spans roughly 0-175000m. From Livingstone et al. (2012).

Have been observed and described in detail by Noormets et al. (2009) and Gales et al. (2013).
Despite being important in the overall paleo-ice stream landsystem, these gully/channel systems
are not shown in this model because they are not large enough to appear properly due to scale,
and are also difficult to convey in a two-dimensional format.
A pinning point and the miniaturized grounding zone system like the one observed by
Powell et al. (1996) is omitted from the ice shelf model for the sake of simplicity despite their
great importance in overall ice shelf stability. In a two dimensional model, a pinning point/ice
rise may appear to divide the area into two separate basins and confuse the reader.
Smaller-scale features related to iceberg activity such as the “washboard pattern” created
by large grounded wobbling icebergs observed by Lien et al. (1989) or the corrugation ridges
created by a grounded iceberg squeezing sediment into ridges during tidal oscillations from
Jakobsson et al. (2011) are left out of the model due to their small scale. Iceberg plow ridges also
in Jakobsson et al.’s (2012) field area, which are arc-shaped ridges of sediment at the terminus of
an iceberg scour created by the bulldozing force of an iceberg keel, are also omitted from the
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model due to scaling.

Glaciology

The ice shelf model maintains a constant ice thickness and ice flux throughout glacial
advance, retreat, and standstills, allowing the calving line to maintain a constant distance from
the grounding line at all times. In reality, ice flux varies during time frames as short as a tidal
cycle, and also varies spatially when sticky spots are considered, which is the case for Whillans
Ice Stream (Winberry et al. 2011). Whenever ice is advancing or retreating, the rate of
advance/retreat is constant and is not representative of an average. In the real world, if a glacier
is retreating at a rate of 100 m/a, it may retreat at a rate of 200m/a during the summer while
virtually standing still during the winter, averaging to 100m/a. In the ice shelf model, the calving
line and grounding line are retreating/advancing at the same rate for the specified time period
with no minor oscillations.

Depositional Caveats and Constraints

Siliceous Mud and Ooze

In their study, DeMasters et al. (1992) measured seabed accumulation rates at four
different sites labeled Site A, Site B, Site C, and Granite Harbor (Figure 20). Site A's
accumulation rate was 16cm/ka, Site B's was 1 cm/ka, and Granite Harbor had a much higher
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accumulation rate of 250cm/ka. Site C suffered an equipment failure so its rate was not
considered. These rates are <600km away from each other and span two orders of magnitude,
which is a huge difference. Granite Harbor's sedimentation rate is so high because it is located
very near a major polynya and is under the influence of coastal katabatic winds, both of which
mix the water column and add lots of nutrients, encouraging diatom growth. Site A's
accumulation rate is an order of magnitude lower than Granite Harbor, however it is still a bit too
near the coast and Ross Island to be used. Site B is far enough from any polynyas or katabatic
wind influence, however it is also 200km from the calving line, which not ideal. A compromise
had to be reached between the three data points in order for them to be used as an estimate of
diamtomaceous mud sedimentation rate – taken as 100 cm/ka, which is very high relative to what
is considered a normal rate in the modern. This compromise-derived rate is at the high end for a
“normal” glacimarine system, but it enables the sediment to be seen to scale on the hypothetical
ice shelf model. Perhaps a more realistic rate is somewhere between that at Site A and Site B,
such as 10cm/a and that can simply adjusted in the model if desired, but deposits are not easily
visible. The diatomaceous mud sedimentation rate is used with knowledge that it is very
extremely high for a normal system, however it needs to be very high to be seen and its chosen
value is very easy to mathematically manipulate relative to other possibilities that could have
been used.
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Figure 20. Location of seabed accumulation rate sites of diatomaceous mud. From DeMasters et
al. (1992).
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The chosen accumulation rate (100cm/ka) is halved every 50km from the calving line to
represent a broadly exponential decrease in the diatom accumulation rate with distance from the
calving line, which approximates modern conditions. This methodology is explained in more
detail later in the Methods section. The model assumes no dissolution nor compaction of diatoms
occurs post-deposition. Dissolution occurs in natural systems (cf. Warnock, 2013) and thickness
could be adjusted lower if found necessary when modeling a particular system.

Iceberg-Rafted Debris

Iceberg-rafted debris (IBRD) is not shown in this model because it is extremely unlikely
that it would accumulate into a recognizable deposit relative to the other depositional facies in
this model at its scale. Powell et al.’s (1996) study of Mackay Glacier Tongue only noted a few
layers ranging from centimeters to 1m thick in the side of the glacial ice and calved icebergs,
which is not enough to accumulate a significant deposit within this model. Mackay Glacier
Tongue is small relative to some of the larger ice shelves such as the Filchner-Ronne and the
Ross Ice Shelves. Additionally, Maas (2012) drilled through an area near the calving line of the
Ross Ice Shelf and sent a camera down the borehole, observing no debris through the entire ice
shelf. Spreading the same extremely small volume of sediment into the larger tabular icebergs
that ice shelves are known to calve off makes recording IBRD as a significant deposit unlikely.
IBRD may be represented in geophysical logs as a terrestrial signal that quickly weakens with
distance from the calving line as sedimentation is overwhelmed by diatomaceous mud
deposition.
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Ice Shelf Rafted Debris/Shelfstone Mud

Powell et al. (1996) observed sub-ice shelf ice that was relatively free of debris
approximately 2-3km distal of the grounding line (personal communication, Powell 2013). In the
ice shelf model, sub-ice shelf debris is totally melted out in 3km from the grounding line. This
results in a very small spatial area of shelfstone mud deposition. 3km is an extremely small
distance relative to the continental shelf lengths that exceed 300km in later chapters of this
thesis. Due to the two-dimensional nature of this model, shelfstone mud is treated as a coneshaped deposit and deposited from a point-source. If three dimensions were used, this deposit
would have a ribbon like geometry that follows the sinuosity of the grounding-line.

Subglacial Deposition

The model constructed here incorporates the Reinardy et al. (2011b) bed model for the
subglacial system. Reinardy et al. (2011b) built on data from Evans et al. (2006), where they
investigated the continental shelf of the NE Antarctic Peninsula. They found using Topographic
Parametric Sonar (TOPAS) that the inner and outer shelf are underlain by what they call the
acoustically transparent layer (ATL), which usually corresponds to the division between the
upper soft and porous deformation till and the lower stiff till. By ground-truthing geophysical
data with core and sedimentological data, Reinardy et al. (2011b), proposed their “deforming
mosaic” bed model. The deforming mosaic bed model hypothesizes that both basal sliding and
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deformation of the substrate contribute to streaming ice flow, and not just one of the processes.
On the inner shelf streaming flow is more likely confined to the basal sliding process, while on
the outer shelf the dominant process is deformation of the substrate. The dominant process in any
location is variable in time and space, however as mentioned above, basal sliding is more
prevalent on the inner shelf and deformation of the substrate is more prevalent on the outer shelf
(Reinardy et al. 2011b). In the ice shelf model presented here, subglacial deformation till is
shown as patchy, and its thickness and location will vary subglacially in each frame while still
maintaining the thickest and most spatially widespread deformation till nearer to the continental
shelf break. The deforming mosaic model is also used because Powell et al.’s (1996) ROV
observations noted patches of tills with different angles of repose emerging from the grounding
line depending on location. The observed stiffer tills had a higher angle of repose than softer tills,
and it is likely that this was an example of the deforming mosaic on a much smaller system.

Methods

Siliceous Mud and Ooze Deposition

Within the model, diatomaceous mud deposition is dependent on time elapsed and
accumulation rate, which are controlled by distance from the calving line. Diatomaceous mud
deposition is treated as a drape as illustrated in each frame of the ice shelf model in Figure 21.
The total deposition of diatomaceous mud is calculated at either end of a numbered 50km box,
assigned a scaled guide bar of the calculated height, and then the tops of the guide bars are
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Figure 21. An explanation of how diatomaceous deposition is handled within the model. See text
for details.
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connected (Figure 21A). To record an advance, the guide bar is placed at the ice distal portion of
each numbered box, and the opposite is done during a retreat. The guide bar is placed at the end
of the box during advance because the calving line passes over the beginning of the box during
advance, which cuts off the area from deposition. During retreat, the guide bar is placed at the
calving line proximal end of the box (calving line position at end of the elapsed time during that
stage) because it is the first are to become free of glacial ice and allow diatom growth.. Although
error is created with this method without more guide bars, if more were added later the
explanatory frames of the ice shelf model become increasingly more cluttered, impractical, and
difficult to interpret over hilly terrain. Additionally, the ice shelf model utilizes thinner deposits
relative to the length of the represented continental shelf than what is shown in Figure 9, and the
amount of error decreases when the deposit thins. Figure 21A-C demonstrates how diatomaceous
mud would be deposited in the model over the duration of a 2500 year standstill (Figure 21A)
and a later 3500 year advance of 70km.
During initial standstill of Figure 21A, thicknesses of guide bars are calculated by simply
multiplying the amount of time elapsed by diatomaceous mud accumulation rate. Unfortunately
during advance and retreat of the calving line this calculation is not so simple. When the calving
line advances over a site, diatomaceous mud deposition effectively ceases. The opposite occurs
during retreat, as a larger and larger area is exposed to diatomaceous mud deposition. To address
this problem, deposition is divided into intervals based on the amount of time it takes to cover
intervals of 50km and then summed based on the rate of advance or retreat. If the distance
covered during advance or retreat is not a multiple of 50, then the remainder is treated as a
fraction. In this case, the rate of advance during Figure 5B-5C is 20m/a (70km distance covered
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in 3500 years).
Using the advance rate of 20m/a, it will take 2500 years to cover the first 50km. The total
deposition during this first 2500 years is shown as the blue sediment in Figure 21B. The blue line
pinches out where advance began because it was the first area to be overridden by the calving
line and cease diatomaceous mud deposition. The guide bar height is calculated by multiplying
the number of years it takes to cover 50km (2500 years) by the sediment accumulation rate in
each zone. The intervals are moved 50km seaward with the calving line after this calculation.
Figure 21C covers the remaining 20km (70km - 50km = 20km) of advance over the
remaining 1000 years. The intervals are moved 20 km seaward and the guide bar thickness is
calculated by multiplying the sediment accumulation rate by the remaining time of 1000 years.
Diatomaceous mud deposition during this last time interval is illustrated in Figure 21C as the red
line. In the ice shelf model, the two divisions of Figures 21B and 21C will not be shown and
instead only the final product (Figure 21C) will be shown.

Shelfstone Mud Deposition

Powell et al. (1996) observed that shelfstone mud and other debris melting out from the
base of MGT ceased approximately 2-3km from the grounding line (personal communication,
2013). Given the small distance the 2-3km covers relative to the total 315km length of the
continental shelf after progradation from the advance used in this model, glacimarine mud
melting out from the base of the ice shelf is treated as a point source deposit. This deposit is
sometimes absent because the sedimentation rate during advance is usually insignificant relative
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to the model's scale before it is overridden by the advancing grounding zone and reincorporated
into the GZW.
The accumulation rate of shelfstone mud used in the model is 1.1 cm/a (Powell pers.
comm., 2013). To establish the horizontal and vertical extent of the deposit, the accumulation
rate of 1.1cm/a is multiplied by time elapsed, yielding the total thickness of the deposit. The
length of the deposit is calculated using right triangle trigonometry and an angle of repose of 1°.
An example of how thickness is initially calculated is shown in Figure 22A, which demonstrates
the thickness and length of a deposit during standstill of 4000 years using the procedure and
constraints just described. Once the geometry is known, the deposit is then smoothed out while
preserving its area to a reasonable shape as shown in Figure 22B.
To represent the winnowing processes such as tidal pumping and oceanic bottom currents
that are constantly operating during the deposition of glacimarine mud deposits, the smoothed
deposit from Figure 22B is divided up into several geometric pieces, shown as the green shapes
in Figure 22C . These pieces are then rotated around and placed near the deposit, similar to a
jigsaw puzzle, and drawn over to mimic the effects of winnowing while still preserving the area
of the original deposit. The bold black line in Figure 22D is the final deposit. Redistribution of
sediment will be initially asymmetric in the ice shelf model favoring the ice distal side because
the ice shelf/GZW will block redistribution of sediment towards the ice until it has retreated.

Grounding Zone Wedge Deposition

The thickness of a GZW is calculated by multiplying subglacial sedimentation rate by the
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Figure 22. Explanation of glacimarine mud deposition via meltout of the ice shelf base.

duration of the standstill. The subglacial sedimentation rate is 0.9 cm/a, as determined for the
MGT in 1996 (Powell pers. comm., 2013). As GZWs have an asymmetric profile, shallow icecontact (stoss) length is calculated with right triangle trigonometry using the 0.1° dip angle,
whereas the length of the lee side is calculated with a 2° dip angle. A GZW after a 4000 year
standstill is shown in Figure 23A. The GZW is then overlapped with a diatomaceous mud drape
while preserving area, producing the bold line, which represents the final geometry in Figure
23B. Dowdeswell and Fugelli (2012) examined more than 30 grounding zone wedges (GZWs)
off the northeastern and northwestern coasts of Greenland. They noted that “Grounding zone
wedges reported from other Arctic and Antarctic shelves have ... a relatively steeper ice-distal
face and a more attenuated ice-proximal slope”. The GZWs in their study area had a stoss-side
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Figure 23. Explanation of grounding zone wedge sedimentation utilized by the ice shelf model.
Figure is not to scale.

slope of around 0.3° to 0.7°, whereas the steeper ice distal sides were 1.8° to ~4°. Dowdeswell
and Fugelli, (2012). A less steep stoss-side angle of 0.1° and a lee side angle of 2° is used in the
model presented here. The 2° value is used because a value greater than 4° appears as an almost
vertical cliff in the ice shelf model and is extremely difficult to see. Additionally, the angle
dominantly controlling the area of a GZW is mostly the stoss-side angle. Given a GZW of 36m
thickness and a stoss side with a 0.1° angle of repose, the stoss-side will have a length of
20.6km. If the lee side has an angle of repose of 1° its length will be 20.6km, but if that same lee
side had an angle of repose of 10° its length would be 0.02km long. These two very different
stoss-side angles result in a wedge that has a total length of between 22.7km and 20.8km, a
variation of roughly 9% when using the extreme repose angles. Repose angles are used with right
triangle trigonometry to calculate the height of GZWs during advance, retreat, and the third
standstill of the model.
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The effects of winnowing are largely ignored during the deposition of GZWs because a
great majority of the GZW is still in contact with ice and thus protected from currents and other
winnowing processes.

Deformation Till and Stiff Till Deposition

The deposition of deformation till is not quantified due to how Reinardy et al.’s (2011b)
deforming mosaic model works. Soft till, which is derived from the underlying stiff till
(O'Cofaigh et al. 2007), is horizontally advected over large distances, a portion of which is taken
from the inner shelf, which is not shown in the model. Core data summarized by O'Cofaigh et al.
(2007) show that shear was shoehorned into zones that are usually 0.1- 0.5m thick. The largest
observed shear zone was 0.9m thick. Unfortunately no time constraints were given in O'Cofaigh
et al.’s (2007) study and given the advecting process, it's impossible to really quantify this
deposition. Consequently, deformation till is added and subtracted from the ice shelf model at
random while still conforming to the constraints outlined in the deforming mosaic model.
The thicknesses of shear planes are not used in the ice shelf model due to the lack of a
time constraint. Smith et al. (2005) showed in their subglacial study of Rutford Ice Stream that
fluctuations of around 6-10m thickness can occur in a timescale as small as a decade within the
soft till, which complicates timing even further. As the model deals with a full advance and
retreat of an ice stream that flows constantly and neither shifts position nor experiences slowdowns, stiff till is not deposited. Stiff till may also be generated as water is squeezed from the till
as more and more sediment is deposited above it, thus compacting it. This dewatering and
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compaction process was modeled on a GZW by Christianson et al. (2013).

Iceberg Scouring

Rafaelsen et al. (2002) examined iceberg scours in the Barents Sea incising the shelf 2.5 –
25m deep, 30-500m wide, 1-20km long. Jakobsson et al. (2012) reported iceberg scours in Pine
Island Bay Trough were “generally not traceable for more than 2km before they change
directions and their relief is generally <10m”. Barnes and Lien (1989) reported a maximum scour
depth of 25m and width of 250m in the Weddell Sea. An iceberg scour depth of 10m is chosen
because it will show up well on the model's scale and it is towards the middle of the data from
the Barents Sea and Weddell Sea studies mentioned earlier. Additionally, Rafaelson et al. (2002)
did not specify a height for the berms occasionally found pushed up on the side of some scours,
so it is safe to assume that maximum scour depth of 25m includes some berm height. The
maximum scour width reported by Rafaelson et al. (2002) of 500m is used in scour geometry
during this frame, primarily because 500m is less than 1/600th of the total length of the
continental shelf of the model, and any value less than that will be unrecognizable. The berms
bulldozed by iceberg scouring on the sides and front of the incision are ignored in the ice shelf
model because their observed heights are extremely variable although they are not measured
absolutely in the literature.
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Ice Shelf Model Construction and Scaling

After a full glacial cycle, the ice shelf model has a 315km long continental shelf and only
150m of vertical height shown, which gives it a vertical exaggeration of 2100. The “true”
vertical exaggeration of the entire figure is a bit larger because the entire horizontal length of the
model is not fully occupied by sediment.
The vertical depth of 150m should not be treated as the relative sea level in the area, it
simply only represents 150m of height. Note that the line showing depth does not stop at the
seafloor and instead continues to the bottom of the picture. Most real world paleo-ice stream
troughs are in approximately 500m of water at the shelf break (Table 1). The reason this more
“normal” water depth is not utilized in the ice shelf model is because it is extremely difficult to
show all of the facies at that scale. The thickest diatomaceous mud deposited during any stage of
the model is 6m. If 500m water depth was used in the model, then 6m would represent only 1.2%
of the total vertical distance shown in the model, which is barely thicker than the width of a line.
The model is visually highly exaggerated when compared with other existing diagrams
that are commonly not drawn to scale. What can appear in a figure of this current model as a
steep cliff or an impossible geometry, may actually be a gradual pinch-out over a distance
slightly less than 5 km. For example, the slope of the continental shelf used is a very shallow 0.00005° angle. An angle three orders of magnitudes steeper would still be invisible to the naked
eye, however the much shallower angle is still visible at this scale.
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Ice Shelf Model Digitizing Process

The model has been constructed using Adobe Illustrator CS6. To preserve the scale of
each axis, an arbitrary orthogonal lines were drawn to represent 100m of height and 100km of
length. Using these two baselines, all geometries were scaled using Adobe Illustrator CS6's scale
function. That function is accurate to at least 10 decimal places, so any calculated landform
height ending in a long decimal height is not affected by a rounding errors from the transform
function. The scale function is absolutely critical to the construction of this model due to the
errors that would occur from trying to “eyeball” lengths and widths. A step-by-step guide of this
scaling process being used to shrink a 100m line to exactly 50m of its original size is shown in
Figure 24.

Ice Shelf Model Setup

The model is presented in ten stages, covering 40,000 years; the final stage (Stage 10)
contains two end members. The first end member, Stage 10-1, shows a gradual retreat where no
rapid calving event occurs, allowing the size of iceberg keels to be kept small and avert the crisscrossing iceberg scours that are pervasive on so many high-latitude continental shelves. Stage
10-2 conversely illustrates a rapid calving event to near the grounding-line that allows iceberg
keels to intensely scrape the tops of the two most ice distal GZWs. Each stage is split into two
diagrams -- A and B. Figure 25 is an example stage drawn and labeled to help the reader. It is
labeled as Stage 0. In each stage the top diagram, Diagram A, is a labeled wireframe picture
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Figure 24. Visual demonstration of the transform function in Adobe Illustrator CS6 being used to
convert a 100m line to one of 50m. A: Starting line of 100m thickness is right-clicked, and then
the scale function is selected from the transform menu. B: Since the desired final length is 50m
and 50m is 50% of 100m, 50% is entered into the function. C: The line on the left is the original
line, and the line on the right is the new properly scaled line.
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for explanation.
Each stage contains the thickness guide-bars, relocated polygons from winnowing, time
elapsed during the stage, and other useful information depending on the events of each individual
frame. Diagram B is colored and lacking in most of this information because it is meant to be the
final polished product. The only information left in the bottom diagram from Diagram A is the
calving line, which is represented as a dashed line. The small horizontal box at the bottom of
each stage states the time elapsed during each individual frame and the ice dynamics during that
frame.
Figure 26 is a timeline demonstrating how much time is represented during each stage of
the ice shelf model. Figure 27, which is Stage 9 from the ice shelf model after the scaling has
been readjusted to include a full water column, is provided as a means to demonstrate why the
exaggeration of the ice shelf model is needed. Figure 27 is still highly exaggerated and illustrates
why adding the full water column like most sediment models would make the facies impossible
to interpret. The red box on the bottom represents the area the ice shelf model will show
compared to the full events.

Sources of Error

One major source of error is centered on how Adobe Illustrator CS6 displays line
thickness. When increasing the thickness of a horizontal line in Adobe Illustrator CS6, the line
will expand both vertically up and down. When thick lines are used in a tight space, they can
artificially subtract a great portion of the inner area of their polygon.

model.

Figure 25. Example model stage demonstrating how the data is shown within the model.
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Figure 26. Timeline of each stage within the depositional model.

Figure 27. Stage 9 from the model rescaled to include the full water column and icebergs.

Figure 28 compares three boxes of alternating blue and green colors meant to
approximate a typical “layer-cake” style of stratigraphy. All three boxes are exactly the same in
size but are using different line thicknesses. The 2pt box on the left artificially adds height to the
square while subtracting the area of the alternating blue and green boxes when compared to the
box on the right, which uses a much thinner line.
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Figure 28. A comparison of line thicknesses and their effects on three identical boxes

Figure 29 is an extreme example of the line thickness problem when compared to
something much larger. This line thickening issue is a problem in thinner facies and areas where
lines are clumped together closely, such as in the iceberg scours of Stage 10-2 (Figure 13). This
thickening effect associated with a fatter line is why the ice shelf model uses very thin lines.
Adobe Illustrator CS6 does allow the user to make lines invisible and only display the colors
filling in the lines. This option was not used in the depositional model because it straining to the
eyes unless high contrasting neon colors are used.
Another problem with Adobe Illustrator CS6 is what the program calls the “arrangement”
of objects/lines within the program. The user is required to make a choice regarding which object
is placed in front while the other objects are arranged in whatever visible order the user chooses.
An example of this effect is shown below in Figure 29 where A is the same as C, and B is the
same as D. The only difference between both pairs is that A and B are selected, while their
clones C and D are not selected to show how the lines fit together. In 29A and C, both red lines
are the same height and attached to the black line in its center,
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Figure 29. An example of errors associated with line arrangement and thickness.

as indicated by the blue nodes in A. The red line on the left is arranged to be in the back of the
black line whereas the red line on the right is in front. An obvious visual height difference exists
between the two lines despite them being the same size and connected in the same place to the
line. This problem is combated in the ice shelf model by always designating the strata, which
would be the black line, as the object in front. This arrangement problem is why it is very
difficult and sometimes impossible to see the colored polygons associated with winnowing
processes behind the strata in the model. Since the strata take precedence over the polygons and
“in front” according to Illustrator jargon, portions of the polygons are lost when the strata
overlap it. Another problem dealing with how lines “snap” to each other is shown in Figure 29B
and D. In this figure, the red line on the left is not connected in the center of the black line where
it should be. Note that the blue node at the bottom of the red line is not touching the blue line
between nodes on the black line. However, the red line on the right is connected in the correct
location, and the error between the two is shown by the dotted line. This problem associated with
line snapping is avoided in the ice shelf model because all guide bars and landforms are attached
to the center of the strata with their nodes like the red bar on the right in Figure 29B. This issue is
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made a bit more dramatic due to the very thick lines used in Figure 29, but as with issues
mentioned above, it can become a problem in closely spaced facies.

Ice Shelf Model Facies and Key

Due to scaling issues most facies associated with ice shelf sedimentation required
amalgamation in the ice shelf model. These simplified and condensed facies are described below
with a map key (Figure 30).
Facies 1 – Diatomaceous mud deposited in an open marine environment as a drape.
Dropstone diamict is omitted due to its rarity in these settings.

Facies 2 – All sediments associated with basal meltout from the ice shelf, spanning from
the grounding-line to the calving line. These include stratified deformation till, pellet-rich
diamict, stratified or laminated sands and muds, and massive sands and muds. Sediment advected
under the ice shelf from the calving line is not included because it is a minor component.

Facies 3 – Glacigenic debris flows, the building blocks of grounding zone wedges

Facies 4 – Soft, porous, and dilatant massive deformation till

Facies 5 – Stiff till, which is treated as a pre-existing unit in the model. The contact
between soft and stiff till is treated as a Glacial Erosion Surface.
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Figure 30. Key for the hypothetical ice shelf model.

The Hypothetical Ice Shelf Model

This section is a description of depositional processes in the hypothetical ice shelf model.
Each stage is shown below as part of Figure 31, which spans ten pages. Each stage is given its
own page within the figure.
Stage 1 demonstrates the facies deposited after a 4000yr long standstill. During this
standstill, a 36m tall GZW forms with a stoss side of 20.6km long and a lee side of 1.0km long.
The sub-ice shelf debris cone deposited before winnowing (dashed line) is 44m high by 5.1km
long, which is represented as the dotted line. As this is partially deposited on the lee side of the
GZW at an angle, a significant portion of the ice proximal side of the cone had to be moved in
addition to the portion of the top that would be redistributed due to winnowing currents and tidal
pumping. The relocated sub-ice shelf debris geometries are represented by the green polygons.
The labeled red guide bars represent the thickness of diatomaceous mud deposition.

Figure 31. All stages of the hypothetical ice shelf model. Continued on next page.
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Figure 31. Continued on next page.
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Figure 31. Continued on next page.
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Figure 31. Continued on next page.
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Figure 31. Continued on next page.
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Figure 31. Continued on next page.

87

Figure 31. Continued on next page.
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Figure 31. Continued on next page.
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Figure 31. Continued on next page.
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Figure 31. Continued on next page.
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Figure 31. Hypothetical ice shelf model.
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Stage 2 documents sedimentation after an advance of 85km over 4000 years at a speed of,
21.25m/a. During that time, the GZW from Stage 1 is overridden by the ice stream and eroded
down. The overridden GZW grows to approximately 20m thick, much like the one observed in
O’Cofaigh et al. (2005) that was completely covered by MSGL’s on its stoss and lee sides. The
20m thickness shown in this stage (orange guide bar) will be eroded slightly in the following
stages as the model progresses down to around 15m. Shelfstone mud deposition is almost
completely absent from Stage 2 because it takes ~141.2 years to cover the maximum observed
distance until the basal ice became free of debris. Only a 1.6m drape of shelfstone mud is
deposited in total, represented by the horizontal blue line. The small thickness of this unit is
quickly overrun by the ice stream. Additionally, winnowing processes that would entrain some
of the smaller grains like muds and fine sands during meltout further decrease sub-ice shelf
debris thickness.
Total diatomaceous mud accumulation for Stage 2 is calculated first at a 50km increment
and then for the remaining 35km of the 85km total advance during the frame. The black dotted
lines show the first 50km interval, and the blue dotted lines represent the remaining 35km.
Diatomaceous mud deposition during the 50km and 35km components is shown with the red
guide bars on top of Stage 1’s deposit. The ice proximal edge of diatomaceous mud is winnowed
slightly during the advance, so the area where it pinches out is lowered very slightly (<1m) and
extended towards the advancing ice to preserve area.
Stage 3 shows the resulting deposition after an ongoing advance at a rate of 25m/a, which
covers a length of 100km and 4000yrs of time. Keeping true to Reinardy et al.’s (2011b)
deforming mosaic model, the subglacial landforms thicken slightly towards the shelf break. They
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also change their geometry when compared to Stage 2. Similar to Stage 2, shelfstone mud
deposition is minimal (1.32m) before it is overridden by the ice stream and reincorporated into
the deformation till. Total diatomaceous mud deposition during the advance is shown by the
labeled red guide bars. Box 1 receives 2m of diatomaceous mud, Box 2 receives 1m of
diatomaceous mud, and Box 3 receives 2.5m total diatomaceous mud. Box 3 terminates out of
the figure so it is only partially shown down the continental slope. Since some sediment would
be lost down the continental slope due to oceanic currents, brine rejection density currents, and
other factors, the diatomaceous mud is deposited as an approximately 1m-thick uniform drape
instead of the calculated 2.5m. Stage 3 is the first stage where the ice stream comes in contact
with previously deposited diatomaceous mud. This diatomaceous mud is reincorporated into the
deformation till and would follow the depositional bias towards heavily silicified forms
(Sjunneskog and Scherer 2005).
Stage 4 covers another 100km of advance during another 4000yrs at a rate of 25m/a to
very near the shelf break. Little sediment is deposited during this stage because the calving line
was very close to the shelf edge at the end of Stage 3, and thus everything but the deformation
till and shelfstone mud is in the Null Zone during most of the advance. Shelfstone mud
accumulates into a small 1.32m-thick deposit before the ice stream overrides it. Similarly to
Stage 3, diatomaceous mud and shelfstone mud is reincorporated into the deformation till as the
ice stream advances.
Stage 5 documents the end of a 10,000 year-long standstill. During this time, a 90m high,
35km long trough-mouth fan (TMF) is built up to prograde the continental shelf. This
progradation is represented by the thick horizontal red line in the explanatory figure. The
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geometry of this TMF is loosely based on the geometry of an existing TMF at the mouth of the
paleo-ice stream trough in the JOIDES Basin, which is in the Ross Sea. The TMF is modeled on
that shown in Figure 32. The geometry used in the ice shelf model does not exactly match Figure
14 because that TMF has been subject to additional deposition of diatomaceous mud as an ice
stream occupied it in the past. The grounding-line never reached this site during the LGM (Shipp
et al. 1999), so the deposit is from an older glacial sequence. During the time this wedge/fan was
developing, a small portion of pre-existing diatomaceous mud from previous stages at the shelf
break/shelf edge is allowed to survive the erosion induced by the GDFs that prograde the shelf.
The central sediment core along the trough axis from O’Cofaigh et al.’s (2012) Uumannaqq
TMF model is located along the locus of sedimentation (Figure 17). That central core contains a
very thin portion of diatomaceous mud that survived mass movement processes dominated by
GDF’s, similar to the small section of diatomaceous mud that survived while the TMF was built
during Stage 5. During the 10,000 year standstill in Stage 5, the dilatant subglacial deformation
till where MSGLs would be actively forming reaches its maximum thickness of ~12m at the
shelf break, which is below the maximum thickness of 20m mentioned for MSGLs in
Livingstone et al. (2012). Shelfstone mud under two-dimensional ideal conditions would
accumulate into a cone 110m tall by 12km long. This debris is not shown during Stage 5 despite
it being such a voluminous deposit because the glacimarine mud would be entrained into the
periodic GDFs sourced from the grounding line that eventually cascade down the continental
slope. These GDFs would not allow enough glacimarine mud to accumulate so as to be visible at
the scale of the model. To account for this problem, the cross-sectional area of glacimarine mud
is added to the TMF’s total area in addition to the GDF component. The TMF progrades the
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Figure 32. TMF at the mouth of JOIDES Basin to the north and west of Pennell Bank. Modified
from Bart and De Santis (2012).

shelf by 15km, which the approximate amount of progradation shown in Figure 31 and extends
an unknown amount down the continental slope, probably terminating somewhere on the
continental rise or the abyssal plain (cf. Escutia et al. 2000). No diatomaceous mud deposition is
shown during Stage 5 because the calving line is far off of the page.
Stage 6 shows deposition after a 150km retreat over 2000 years at a rate of 75m/a. The
subglacial bed is not altered much during this time because the retreat rate is roughly three times
as fast as the previous advance rate, and because once the grounding line leaves a site, that
deformation till is no longer actively deforming. Diatomaceous mud deposition is not a major
component in this stage due to the higher retreat rate. The calving line at the distal edge of Box
1, which terminates on the continental shelf side of the GZW, deposits only 0.66m of
diatomaceous mud, which is barely above the line thickness. Box 2 deposits 1m of diatomaceous
mud, but it partially terminates beyond the figure edge. The thick horizontal green line represents
the area where a 0.44m-thick drape of shelfstone mud would be deposited but is not shown in the
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model because it is below scale.
Stage 7 represents a 6000 year long standstill. During this time, a new GZW 54m thick
by 32.5km long is constructed. Shelfstone muds would accumulate into a 66m tall by 7.6km long
cone of sediment if winnowing processes did not erode it. The original geometry of this deposit
before winnowing is shown as the dashed line on the explanatory figure. The redistributed
diatomaceous mud is represented as the green polygons. Diatomaceous mud accumulates during
the standstill to 6m at the beginning of Box 1 and 3m at the beginning of Box 2. The red guide
bars representative of diatomaceous mud accumulation on the crest of the most distal GZW/TMF
are not connected at their peaks due to the topography. This is because sediment-focusing
processes favor diatomaceous mud deposition in low areas compared to the crests of hills or
ridges. Areas of diatomaceous mud affected by winnowing are represented by blue polygons.
The floating blue polygon on the continental slope side of the TMF is sent down the continental
slope and out of the frame in a post-glacial turbidity current or debris flow.
Stage 8 documents a faster 1000 year retreat covering 125km at a rate of 125m/a. Despite
the cluttered explanatory figure, the whole area does not receive much sediment during this time.
Shelfstone mud, which is not shown in this stage because it is too thin, accumulates into a 0.3mthick drape covering the area under the thick green horizontal line. Box 1 receives 0.8m of
diatomaceous mud at its center and 0.6m at its end. Box 2 accumulates 0.8m of diatomaceous
mud while its end receives 0.7m. The first half of Box 1 and all of Box 3 and Box 4 accumulate
diatomaceous mud that is below line thickness.
The portion of boxes that accumulate diatomaceous mud above line thickness have a
merlot-colored line representing the 25km subunits the boxes were divided into to account for
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125km not being a multiple of 50. Any diatomaceous mud below line thickness has an orange
line, but they are still labeled. Winnowing is the dominant process during Stage 8. The green
polygons represent the total redistribution of sub-ice shelf mud while the blue polygons represent
the total winnowed diatomaceous mud. The floating blue polygons on the lee-side of the
TMF/GZW would be sent down the continental slope as a turbidity current or a debris flow.
Stage 9 represents facies deposited during a standstill of 4000 years when another GZW
is constructed measuring 36m high by 21.7km long. This new GZW is constructed partially on
top of a topographic high (cf. Dowdeswell and Fugelli, 2012). Shelfstone mud is deposited in a
44m high by 5km long cone before winnowing processes redistribute the sediment, which is
represented by the green polygons. Shelfstone mud on the lee side of the central GZW is
winnowed less than the shelfstone mud deposited near the newly created GZW because the
diatomaceous mud sedimentation on top of the central GZW will eventually protect it from
winnowing once it gets sufficiently thick. Winnowing will then cease at that location, whereas
the newly deposited diatomaceous mud deposits near the grounding-line are not offered this
protection. Similar to Stage 1, the start of Box 1 accumulates 4m of diatomaceous mud, and then
Box 2 accumulates 2m, Box 3 accumulates 1m, and finally Box 4 accumulates 0.5m.
Redistributed diatomaceous mud that was winnowed is represented by the blue polygons. The
floating blue polygon on the ice distal side of the most ice distal GZW/TMF is lost down the
continental slope as a turbidity current or debris flow.
Stage 10-1 shows the total deposition after 100km of ice retreat over a 1000 year period
(200m/a). This retreat rate is so fast that diatomaceous mud sedimentation peaks at 0.4m
thickness, which is well below line thickness and cannot be shown on the model. The area that
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the diatomaceous mud drape would cover is however represented by the thick blue horizontal
line. Shelfstone mud and subglacial deposits are also extremely low given the retreat rate as the
grounding-line leaves Stage 10-1. Winnowing becomes the dominant process during this short
time frame. Diatomaceous mud winnowing is represented by the blue polygons, whereas
shelfstone mud winnowing is represented by the green polygons.
Stage 10-2 represents an extremely rapid (<1yr) calving event, which ceases near the
grounding-line, creating very thick icebergs whose maximum keel depth is indicated by the
dotted line. An iceberg scour depth of 10m is chosen because it can be shown at the model’s
scale and it is towards the middle of the data from the Barents Sea and Weddell Sea studies
described earlier in Methods.
The maximum scour width reported by Rafaelson et al. (2002) of 500m is used for the
scour geometry during this frame, primarily because 500m is less than 1/600th of the total length
of the continental shelf of the model, and any value less than that will be unrecognizable. As
shown in Figure 34 below from Rafaelson et al. (2002), iceberg scours are generally in random
orientations. The iceberg scours in the ice shelf model are all moving either into the page or out
of the page to emphasize the amount of the stratigraphic record lost due to iceberg scouring, but
it is extremely unlikely that icebergs would drift in perfect orientations like this.
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Figure 34. Orientations of iceberg scours. From Rafaelson et al. (2002).

Discussion and Future Work

GZWs, shelfstone mud, and the diatomaceous mud were able to follow quantitative
guidelines from the literature. The largest problem with this hypothetical model lies in the
deformation till, following Reinardy et al.’s (2011b) deforming mosaic model. Lateral
deformation till fluxes are extremely difficult to constrain right now given the limited data and
knowledge of the subject, and a “guess-and-check” method is far beyond the scope of this model
in its current state. Simply drawing the deformation till thicker near the shelf break because that
agrees with current observations without any quantitative constraint is not ideal, however, no
alternative currently exists at this time. This problem needs to be addressed when one considers
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MSGLs, which next to GZWs, are the most geomorphic landforms found on a polar continental
shelf. Perhaps a computational model could treat bedrock as a reservoir, allowing a set amount
over time of bedrock to be “drained” from the reservoir (bedrock is eroded and converted to
deformation till). More bedrock could be “drained” with warmer ice conditions or other factors.
O’Cofaigh et al.’s (2013) observation of 1-2km transport distances for sediment rafts on MSGLs
could be incorporated into this as well, however, such details are beyond the scope of this present
model. Certainly, a fully computational model following the constraints set is this current model
would be the ideal.

Conclusions

Although this hypothetical situation has many caveats associated with it, the model
functions well as a learning tool for interpreting ice shelf sedimentation processes at a
continental shelf scale over a reasonable timeframe, and manages to recreate most important ice
shelf sedimentation processes within idealized constraints. GZWs, a TMF, and diatomaceous
mud deposits have been created using the sedimentation rates from Powell (pers. comm.2013) of
a reasonable thickness over a logical time-frame.
Comparisons of the same techniques used in the hypothetical model will be successfully
tested later in this thesis in two different geographic areas taken as test cases. Most importantly,
the concepts utilized in this model function as a good template on which to build a more rigorous
computational model of ice shelf sedimentation in the future. Additionally, the consideration of
ideas presented in the hypothetical model can help researchers interpret data in a new study site
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and then work from those starting points.
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CHAPTER 3:
TESTING THE MODEL IN ROBERTSON TROUGH

Introduction

Evans et al. (2005) investigated the continental shelf of the northeastern Antarctic
Peninsula, specifically the area east of the recently disintegrated Larsen-A, Larsen-B, and Prince
Gustav ice shelves. Of particular interest is outer Robertson Trough, which is a wide paleo-ice
stream trough running roughly east-west (Figure 34). The northern portion of the trough is
deeper than 450m, whereas the southern portion is shallower at around 400m depth. Evans et al.
noted that iceberg keels tended to scour anything at a depth shallower than 450m depth. Outer
Robertson Trough has some prograding debris flows with a flanking system of gullies but these
deposits are not substantial enough to build a trough mouth fan (TMF), thus indicating that if the
paleo-ice stream was grounded at the shelf break, its residency time was limited. In fact, Evans et
al. (2005) concluded that the paleo-ice stream grounded a minimum of within 10km of the shelf
break. The only other geomorphic features in the Outer Robertson Trough area are MSGL's, an
indicator of streaming ice flow, and iceberg keel scours (Figure 35). Six cores (VC327, VC326,
VC325, VC324, VC338, and VC337) from Evans et al. (2005) are of particular interest because
they contain till pellets and the “granulated facies” (cf. Domack et. al., 2001). Cores VC338 and
VC337 are roughly perpendicular to an imaginary line drawn through the remaining till pelletbearing cores, which occur in a linear path. Figure 35 below shows a cartoon log of all
vibrocores relevant to the ice shelf model test. Images of the real cores could not be obtained,
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Figure 34. Core locations, paleo-grounding zones, and a model transect superimposed on
geophysical data from Evans et al. (2005). The blue line (circled) is a paleo-grounding zone, and
the black and red transect indicates the length used to test the ice shelf model. Modified from
Evans et al. (2005).
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Figure 35. Multibeam-swath bathymetry of outer Robertson Trough showing geomorphic
features and vibrocore locations. White arrows indicate paleo-ice stream flow direction, and
dotted lines indicate the location of transects. Transects labeled Figures 9a-d in this figure
correspond to Figure 23 in this study. From Evans et al. (2005).

so the cartoon version cannot accurately be reinterpreted with new findings concerning till pellet
genesis that have come to light since the publication of these cores, however this will be
addressed later.
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Figure 36. Sedimentological logs of selected vibrocores and inferred depositional environments
from outer Robertson Trough. Modified from Evans et al. (2005). Continued on next page.
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Figure 36. Sedimentological logs of selected vibrocores and inferred depositional environments
from outer Robertson Trough. Modified from Evans et al. (2005).
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Robertson Trough Model Constraints

Transect Location

The ice shelf model will be applied to an area represented by the red and black transect
that extends from the continental shelf break to Core VC277, (Figure 34). The transect covers
approximately 225km, terminating in Prince Gustav Channel (PGC) and intersecting a paleogrounding zone. The chosen transect also passes through or very near to six cores (VC277,
VC327, VC326, VC325, VC324, and VC340). It would be more ideal to run the transect from
Outer Robertson Trough to Inner Robertson Trough, which a tributary that contributed more ice
than PGC, however, dating in that area is not as precise and no cores were taken there, thus
limiting data to test and constrain the model.

Timing and Duration of Deglaciation from Published Data

Radiometric dating of the study area is difficult and yields varied results due to the
underlying strata containing recycled carbon, to produce questionable radiocarbon dates.
Carbonates are also scarce. Balco et al. (2013) state that the grounding-line retreated from the
shelf edge around 18.5ka, with grounded ice retreating over the southern end of PGC by 1311ka. Testing of the model will begin by using Balco et al.'s, (2013) dates, starting at 18.5ka and
ending at 11ka when it will terminate. The model ends then because Pudsey and Evans (2001)
found evidence that Prince Gustav ice shelf reformed and collapsed between 2-5ka BP; thus too
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much variability exists to continue on younger than 11ka. Additionally, radiometric dating of
cores near to each other yields highly variable, and sometimes conflicting, ages (Figure 36).
The first half of the transect, which extends from 10km before the shelf break to core
VC327, utilizes the thickness of shelfstone mud facies to infer a grounding-line retreat rate. As
the cores from Evans et al. (2005) are not evenly spaced along the transect, Method 1's calculated
retreat rate in this section is used for a length that covers the midpoints centered between cores.
For example, if three cores, A, B, and C have the same thickness of shelfstone mud (22cm) and
are not equidistant from each other, the following process would be used to determine the
grounding-line retreat rate for Core B (see Figure 37). If Core A is 30km from Core B, and Core
B is 10km from Core C (as in Figure 37), then the total sedimentation for Core B is calculated at
midpoints from Core A and Core C. Core A is 30km away, so Core B's retreat rate applies for
15km from Core B's site. Core C on the other hand is only 10km from Core B, so the midpoint
between the two, which is 5km, is used. This means that Core B's calculated retreat rate applies
for a total distance of 20km. To calculate the actual retreat rate in the first section of this
example, the amount of time it takes to deposit the observed thickness is first calculated first
using the ice shelf model’s standard sedimentation rate of 1.1cm/a. In this case, it takes 20 years
to deposit the observed thickness of 22cm in all three cores shown in Figure 37. As the distance
observed by Powell et al. (1996) to clean ice was approximately 2km, that means it takes 20
years to travel 2000m (2km) at a retreat rate of 100m/a. As 2km is the maximum distance that
can be traveled before sediment is no longer available, this rate for a 2km distance must be
applied to the full 20km between cores. Thus, it will take a total of 200 years for the groundingline to travel the full 20km of length.
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Figure 37. Vibrocore locations with selected median calibrated dates rounded to the nearest ten
years (cal. years before present) using the CALIB program v6.0 (Stuiver et al. 2005).
Radiometric dates from Table 4 of Livingstone et al. (2012). Map and core locations from
Pudsey and Evans (2006).
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Figure 38. Visual aid for methodology used to calculate the grounding-line retreat rate based on
the observed thicknesses of sub-ice shelf grounding line proximal facies in core and their spatial
relationship to each other.

If it is assumed that the sedimentation rate does not change, then a new retreat rate can be
calculated for the midpoints between each individual core and used to test the model. VC327 is
an exemption to this midpoint process calculation because the midpoint between VC327 and the
GZW would cover 40km with no constraining data. Instead, the midpoint between VC326 and
VC327 to the center of VC327 is used to define the distance to which the rate applies.
The retreat rate in the second half of the model test, which extends from core VC327 to
VC277, is calculated differently using a more traditional technique in Method #2 where the
distance traveled is divided by the time it takes to travel that distance. Method #1 is not used
because the large area with no data would skew retreat rates. The end of this retreat between the
GZW and core VC277, is calculated by subtracting the total time elapsed since the model began
from the established end time of the model based on radiometric dates (11ka). The final core in
the model, VC277, contains roughly 80cm of the shelfstone mud drape, however, given its
proximity to where Pudsey and Evans (2001) found an ice shelf had reformed around 2-5ka BP,
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it was not used to calculate the grounding-line retreat rate because that facies may contain IBRD
or other sediments associated with the younger ice shelf.

Glaciology

Glaciological dimensions of the paleo-ice stream that passed through PGC and into Outer
Robertson Trough are unknown. To accommodate for this, the approximate modern geometry of
Pine Island Glacier (PIG) is used as PIG is not as large as those like the Siple Coast ice streams,
PIG also is being intensely studied due to its current precarious situation and influence on the
WAIS, and thus has an observed geometry. It would be ideal to use the dimensions of a modern
ice stream that drains a similar drainage area of inland ice as PIG, however sufficient data do not
exist. Figure 38 shows the basal topography of PIG and its grounding-line to calving line
geometry. This observed ~80km grounding line to calving line distance is used in the model
testing and remains constant throughout its duration. As before in the hypothetical model, the
calving line stays the same distance from the grounding-line for the entire duration of the model.

Model Scaling

This model covers an area 225km long by 50m deep, resulting in a vertical exaggeration of
approximately 4500. The same scale as the previous model is not used because the facies in this
system are extremely thin. Given that the largest feature of the model is an approximately 30m
sill near the edge of the shelf, 50m is an appropriate depth in relation to the length to show the
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Figure 39. Basal topography of Pine Island Glacier. From Shepherd et al. (2001)

thinner facies. The alternating red and black lines at the bottom of Part A and Part B in each
stage of the model correspond to the same black and red lines used to mark out the transect in
Figure 34. Each line represents 25km of distance.

Final Represented Topography

The best basal topography left by the paleo-ice stream in this area is constructed using a
combination of the TOPAS profiles (Figure 40) and multibeam swath data (Figures 34 and 35).
The final topography created by the subglacial system in the model will not exactly replicate
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Figure 40. TOPAS profiles used in model construction. Profiles correspond to the transects
labeled 9a, 9b, 9c, and 9d in Figure 35. From Evans et al. (2005).
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what is in Robertson Trough because the TOPAS transects do not cover the entire trough and
more importantly they are often taken at angles oblique or perpendicular to the model transect at
varying scales. Profile 9D in Figure 40 loops back on itself and is missing some data and core
VC344 is unfortunately not labeled on the profile. Also ~100m of relief under soft till is covered
by the ice stream along the transect, but that flattened in the model test because if it were
included then the scaling would not allow any of the facies to be seen in any meaningful detail.
A very rough representation of the actual relief and ice stream geometry are shown in Figure 41.
The rise in topography landward of core VC327 is rigidly drawn because it is in an area
containing scant data. Also, the multibeam swath used in Figure 34 assigns each color change to
be in 50m increments, which is quite low resolution. In Figure 36, core VC277 is said to be
cored in 603m of depth. However, the 600m depth color is shown near VC277 in Figure 35, so
the accuracy of Figure 41 is questionable due to apparent errors in the original figures.

Subglacial Sedimentation

Following methods used in the hypothetical ice shelf model, the subglacial regime and
deposit will vary with time and in space in each stage, gradually thickening as one approaches
the continental shelf break. The final product once grounded ice has left the area is as close to the
data provided for Robertson Trough as is reasonably possible. Additionally, the GZW will be
constructed as in the hypothetical model using the angle of repose and trigonometry.
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Figure 41. Very basic representation of the topography across the transect. Accuracy is
questionable due to errors in the original figures from Evans et al. (2005) on which this figure is
based.

Shelfstone Mud

The same shelfstone mud sedimentation rate (1.1cm/a) outlined in Chapter One from R.
Powell is used in this model test. As before, sediments that melt out from the base during a
standstill and accumulate to a thickness that exceeds the distance between the bottom of the
floating ice shelf and the seafloor will have their geometry modified while preserving the same
spatial area. This is accomplished by segmenting and rotating pieces of the original deposit to
create a new polygon that preserves its original area.

Diatomaceous Mud

In their study, Evans et al. (2005) use a black “I-shaped” bar in the “muddy unit” of their
core logs (Figure 36) to distinguish sections of the core containing 5-20% diatom frustules from
terrestrial muds that lacked diatomaceous mud. Their “muddy unit” was interpreted as sub-ice
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shelf distal or open ocean deposits. The only portion of this facies used to calculate diatomaceous
mud in the model is the portion containing 5-20% diatom frustules. The rest is grouped with the
shelfstone mud facies because Powell et al. (1996) did not observe sufficient englacial/subglacial
debris distal from the grounding line to justify a separate ice distal facies deposited directly from
ice meltout. It is improbable to assume that all sediment not diamicton or diatomaceous mud is
from the shelfstone mud environment, especially when factoring-in the presence of dropstones in
some diatomaceous mud layers of the cores; however, the only logs available are graphical with
no description available, and major reinterpretation would be reckless.
Except for core VC277, all cores contain the required 5-20% diatom frustules to
distinguish the diatomaceous mud facies. Diatomaceous mud accumulates using the same
process as in the hypothetical model, where the rate of deposition is halved incrementally from
the calving line to produce a broadly logarithmic decay in the accumulation rate distally from the
calving line.
Here, each interval of diatomaceous mud accumulation rate away from the calving line is
25km long instead of 50km long in the model, due to the smaller ice stream used in this model.
Additionally, a seabed accumulation rate of 3.25cm/ka at the calving line is used instead of the
much higher rate used in the model. The rate used to test Robertson Trough was not directly
observed and was instead inferred from core thicknesses because no seabed accumulation rates
exist for this area. The justification for the inferred diatomaceous mud accumulation rate will be
explained later because it requires the model first be run. The stage of the model test will show
two diatomaceous mud rates in the same figure. The first set of rates, which are purely
hypothetical accumulations (all below the model's scale) are written in black text pointing to
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their location. The second set are observed core data, and are in red text. All diatomaceous mud
rates end with the suffix “SMO” to distinguish them from the shelfstone mud drape deposits.

Model Setup

The model test is divided into seven stages, starting with a retreat after liftoff at 10km
landward of the shelf break. The seventh and final stage has no time constraint other than it
occurs after 11ka and features intense iceberg scouring. To save space, Stage 1A is used to
demonstrate the scale of the model (V.E. = 4500), whereas Stage 1B is used to show the distance
between the observed cores from Evans et al. (2005), the amount of time spent between cores,
and their locations. The purple numbers and purple dashed lines represent the distance between
cores, whereas the black lines represent the midpoint distances between cores. The horizontal
orange lines on Stage 1B are centered over each core, and show the amount of time in years the
grounding-line will retreat over the distance of the horizontal line.

Model Key

The test of the model against the outer Robertson Trough area will use the key shown
below in Figure 42.
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Figure 42. Key used in the model test on the Robertson Trough area.

Model Description

The model (Figure 43) begins at Stage 2 with retreat initiating post-liftoff 10km from the
shelf break following data from Evans et al. (2005). Stage 2 covers all relevant sedimentation
until the grounding-line retreats to where core VC325 is located. VC325 is important because it
is where the calving line first appears in the figure, centered at the shelf break. Sedimentation
during Stage 2 is dominated by shelfstone mud meltout.
The first 29km of retreat to core VC340 produces deposits only 0.2m thick; which is
much thinner than the other cores. Assuming a constant sediment flux, it is unknown if this small
amount of sediment is due to an extremely rapid grounding line retreat that would not allow for
sufficient quantity of sediment to be deposited, erosion via current winnowing, or if the area
previously had around a meter of this facies (similar to other sites) which was subsequently

Figure 43. Robertson Trough test run. Continued on next page.
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Figure 43. Robertson Trough test run. Continued on next page.

121

Figure 43. Robertson Trough test run. Continued on next page.
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Figure 43. Robertson Trough test run. Continued on next page.
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Figure 43. Robertson Trough test run. Continued on next page.

124

Figure 43. Robertson Trough test run. Continued on next page.
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Figure 43. Robertson Trough test run.
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partially destroyed by iceberg scouring. In contrast to core VC340, VC324 has 1.65m of
shelfstone mud sediment, ~8 times as much as in core VC340.
Stage 3 starts with the grounding-line centered over core VC325 and ends with the
grounding-line centered over core VC327, a distance of ~33.5km. 1.0m of shelfstone mud was
recovered in core VC325 and as the grounding-line retreated over core VC326 it deposited
1.31m of the same facies. Diatomaceous mud sedimentation on the shelf break is very minor
given the fast retreat rates over each core site. Blue lines represent the standard 25km-long
intervals and the red line represents the remainder from advance (8.5km), which is why it covers
a smaller area. The 0cm-thick diatomaceous mud immediately under the calving line is included
to remind the reader that because the ice stream is actively retreating during this frame, no
diatomaceous mud sediment will have been deposited immediately after an area of open ocean
has been newly exposed.
Stage 4 covers 86.5km retreat from core VC327 to the GZW site, during which a 0.26mthick drape of shelfstone mud is deposited as a drape. Unfortunately, it is impossible to
determine how extensive this drape is because it is in an area that lacks both core and TOPAS
data, so the drape is drawn as an inferred contact. Near the calving line, diatomaceous mud
sedimentation is again minimal due to fast ice retreat. Blue boxes represent total diatomaceous
mud accumulated during the first 75km of retreat, whereas smaller orange boxes represent the
remaining 11.5km of diatomaceous mud. Values for the orange boxes have a “+” to show its
thickness should be added to the thicknesses covered by the standard 25km-long blue boxes.
Stage 5 documents a 2222yr-long standstill of the grounding-line – the time it takes to
deposit the 20m tall GZW using the model subglacial sedimentation rate. If sediment is not
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redistributed during deposition, a 24m-high wedge of shelfstone mud drape would accumulate
during the standstill. Near the calving line, the total diatomaceous mud accumulation over
deposits of previous stages is ~7.22cm and wanes distally. Red numbers in the figure represent
observed diatomaceous mud accumulated in the core and the black numbers represent additional
diatomaceous mud that should be added to pre-existing diatomaceous mud deposited in earlier
stages.
Stage 6 documents a 25km retreat in 422 years, chosen because that is the time taken to
force the grounding-line to pass over core VC277 at 11ka, the date based on field data. As this
retreat rate is much slower, a 0.37m-thick drape of sub-ice shelf grounding-line proximal
sediment is deposited, and diatomaceous mud accumulation is again minimal. An additional
0.17-1.37cm of diatomaceous mud is added depending on location relative to the calving line.
The final Stage 7 does not have a confirmed time constraint because of the uncertainty
associated with Prince Gustav Ice Shelf reforming (cf. Pudsey and Evans, 2001). However, Stage
7 does include the important and pervasive iceberg keel scouring that often gouges shallower
continental shelves at high latitudes. Scouring on the higher relief area at the shelf break will
remove any diatomaceous mud that winnowing currents have not already eroded. The 450mbsl
bathymetric contour used to mark the lowest reaches of iceberg keels observed by Evans et al.
(2005) does not accurately document the extent of iceberg scouring. This inaccuracy was
included purposely because the extent of scouring cannot be shown because of the need in the
model to exclude 100+m relief for facies resolution purposes. If the scouring extent mimicked
Figure 5 in Evans et al. (2005) better, then it would force scouring to occur on the GZW. The
scouring depth and width used in the model is not the same as that observed in Robertson Trough
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because no measurements of scour depth and width were published. In addition to iceberg
scouring, observed data show that 75cm of diatomaceous mud is deposited at some point on top
of the ~80cm of shelfstone mud facies at VC277.

Discussion

Total Summed Diatomaceous Mud

The summed thickness of the diatomaceous mud sedimentation are not illustrated in the
model test because the thickest accumulation of ~ 9cm is below scale. Figure 44 is introduced to
show the SMO deposition at a scale where it can be resolved. Thicknesses have been color-coded
by stage number and a portion of the landward section of the model near core VC277 has been
omitted for ease of interpretation.

Diatomaceous Mud Depositional Geometry

Aside from core VC277 at the end of the model test transect, only three of the cores along
the transect, cores VC325 (20cm), VC326 (38cm), and VC327 (20cm), contain diatomaceous
mud. Core VC324 is only 3.5km away from VC325 yet it does not have sufficient diatom
frustules to satisfy Evans et al.’s (2005) 5-20% diatom frustule criterion used to distinguish the
diatomaceous mud facies in their study. Assuming that the diatomaceous mud is not sharply
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Figure 44. Total hypothetical diatomaceous mud accumulation from the hypothetical model test
run. Blue numbers and lines correspond to Stage 3. Red numbers and lines correspond to Stage 4.
Purple numbers and lines correspond to Stage 5. Green numbers and lines correspond to Stage 6.
Total accumulation is shown at the bottom of the figure.

eroded between VC327 and VC325, this facies must have a wedge geometry (Figure 45).
Part A in Figure 45 is a modified version of Figure 42, which assuming a constant
sediment flux, is the end result of an advance of the calving line after a standstill. The purple line
in Part A represents the standstill component of total accumulation, and the black line on top
represents the advance component deposited after the standstill. Part B is what is present in
Robertson Trough along the model test's transect, drawn at the same vertical and horizontal scale
as the hypothetical example shown in Part A. The black line represents what is observed, while
the parallel green line below it represents the observed diatoms after an 11cm component has
been subtracted as a time correction. The time 11cm correction will be explained shortly.
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Figure 45. Comparison of the final geometry of diatomaceous mud in outer Robertson Trough to
the hypothetical model's diatomaceous mud accumulation during an advance. Part A is the
hypothetical model, and Part B is Robertson Trough's diatomaceous mud geometry after
topography is removed. Both parts are the same scale. VC324 and VC340 have no diatomaceous
mud facies.VC337 and VC338 are perpendicular to the transect, so their thicknesses are drawn
in red instead of blue.

VC277, VC275, (VC275 and VC277's location in Figure 22), VC337, and VC338 have been
included in Figure 45 to demonstrate the depositional spike associated with a more landward
location relative to the open ocean areas. VC337 and VC338 are drawn in red because they run
roughly perpendicular to the transect.

Diatomaceous Mud Correction

An 11cm portion is subtracted from the diatomaceous mud facies to account for the
11,000 years elapsed between the present and when the model test has stopped. The lowest
observed seabed accumulation rate of 1.0cm/ka from DeMasters et al. (1992) is multiplied by the
11,000 years resulting in a total of 11cm diatomaceous mud deposition over that time assuming
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the site hasn't been covered again by an ice shelf. The correction lowers the rate of diatomaceous
mud deposition inferred from core thicknesses to between 3.0-3.25cm/ka from a much higher
value. This result is a reasonable value for an area away from the influences of katabatic winds
and polynyas. This correction also helps to reveal the second peak in diatomaceous mud
deposition at core VC326. Without the correction, the three cores contain 20cm, 38cm, and 20cm
thickness of diatomaceous mud, respectively, and after the correction has been applied they are
9cm, 27cm, and 9cm. With the correction, the peak becomes approximately three times more
than the two other core sites and without the correction diatomaceous mud sedimentation is
around twice as much. The chosen correction rate from is justified because it was measured in
the open ocean environment (DeMasters et al. 1992), far from the influences of calving
processes, katabatic winds, and other forces that would enhance diatom blooms.

Observed Geometry of the Diatomaceous Mud

Deposition Relative to the Calving Line

Applying the approximate distance of PIG calving line from its grounding-line (~80km;
Shepherd et al. 2001) places the calving line within 12km of VC327 when the grounding-line is
at GZW of the transect.
Diatomaceous mud creates a bulge-like geometry similar to that created by an advance
following a standstill in the hypothetical model. Several processes could have produced that
geometry. These processes are in two categories: (i) those underway during GZW construction
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due to calving line dynamics, and (ii) those active after a standstill that are unrelated to glacial
processes.

"Healthy" Calving Processes

A stable ice shelf will periodically calve off large tabular icebergs, for example, the
calving of Iceberg B-15 (295km long and 37km wide) from the Ross Ice Shelf, which occurred
during the past decade. If an iceberg of half that width were to repeatedly calve off the paleo-ice
shelf present in this test area under "healthy" standstill conditions at equilibrium, it would be
capable of periodically opening up the ocean over VC327 to diatomaceous mud sedimentation.
The calving line would then readvance over the area, stopping diatomaceous mud deposition. A
repeated opening up of the area to the open ocean via normal calving processes and then gradual
closing from the subsequent readvance would expose this area to brief intervals of the highest
diatomaceous mud sedimentation rate during open periods. After readvance of the calving line,
there would be intervals of no diatomaceous mud sedimentation. After a calving event VC326
would be exposed to the second highest diatomaceous mud accumulation rate immediately after
the calving line has retreated landward nearer to core VC327. Then over time, core VC326
would gradually have the highest diatomaceous mud sedimentation rate encroach on its area
during the subsequent readvance of the calving line.
Repeated cycles of this process would result in a diatomaceous mud "wedge" geometry
similar to what is observed, where the core under the area where large tabular icebergs are
commonly calving (VC327) has less diatomaceous mud deposition than the area just seaward of
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where these calving events take place (VC326).

Minor Calving Line Advance During GZW Construction

Another explanation for the bulge-shaped geometry between VC327 and VC338 is a
small-scale calving line advance during construction of the GZW. By computational modeling
Alley et al. (2007) demonstrated that it is possible for a GZW to provide a buffer against
destabilizing effects of rising sea levels. In their model, a two-dimensional 31m tall GZW was
instantaneously added to an ice stream/ice shelf system running at steady-state on a flat bed. The
ice stream locally thickened over the GZW due to the increased frictional drag created by the
topographic rise of the GZW. Sea level was then instantaneously increased. For the 31m GZW, if
sea level was raised more than ~5m, then a destabilizing retreat similar to what happened to an
ice stream subjected to the same sea level rise with no GZW would occur. If the instantaneous
sea level rise was below approximately 5m, then the grounding-line would retreat slightly, but
the local ice thickening over the GZW prevented the ice stream from destabilization. This model
lacks a third dimension and a bed sloping at a negative gradient up-ice. The mound-shaped
lateral geometry of GZWs may impact the magnitude of the modeled stabilization effect among
other things. Regardless, their model implied that it was possible for a GZW to stabilize an ice
stream if rising sea levels are below the sedimentation rate that would build a GZW over time.
Given the results of Alley et al.’s (2007) model, gradual thickening of the ice stream near
a grounding-line during construction of a GZW enables a small advance of the calving line while
the grounding-line is stable. If such a small advance occurred during GZW construction at the
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test site, diatomaceous mud sedimentation would have gradually shut down over VC327 while
slowly moving the calving line near core VC326, resulting in the final bulge-shaped appearance.
It is most likely that the first process described was a dominant process associated with
the calving line that contributed to the diatomaceous mud wedge. Another possibility is a
combination of the two processes mentioned above, with the first process being a first order
control while the other is a second order process.

Post-Depositional/Post-Glacial Influences

Core VC324, which contains no diatomaceous mud, is ~3.5km away from core VC325,
which contains 20cm of diatomaceous mud. The absence of diatomaceous mud in core VC324 is
odd, especially as nearby core VC337, contains ~30cm. One explanation for this is a diluting
effect caused by sediment from iceberg keel scouring. Sediment entrained via iceberg keel
scouring could be entrained within oceanic bottom currents, especially within the confines of the
trough. Entrained sediment in these currents will eventually deposit additional sediment
contemporaneously with diatomaceous mud to locally dilute the already low amounts of
diatomaceous mud in the area with muds that are normally not being deposited in such a high
volume when no scouring occurs. The sediment entrained and redeposited by iceberg scouring
would be compositionally similar, making it difficult to detect very fine grains that would remain
in suspension for a long period of time. This scouring effect is much different than sedimentation
during standard "healthy" ice shelf conditions where diatomaceous mud and glacimarine
sediments are mostly deposited with great spatial disconnect from each other due to the very low
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glacial debris concentration far from the grounding-line. Cores VC324 and VC340, both of
which are below scouring depth, were not affected by this dilution process because no visible
iceberg scours occur on the multibeam swath data near their location. The dilution process above
is probably not to blame for the absence of diatomaceous mud in VC324 or for the overall
geometry of the deposit. If the diluting effect was pervasive then it should be obvious in this
core. The scant amount of diatomaceous mud in VC338 (~10cm) is directly on top of the
pelletized mud facies and makes up great percentage of all sediment above the pelletized mud.
The small portion of mud in VC338 above the pelletized mud that is not designated as
diatomaceous mud may be diluted, but it is not a sufficient thickness to radically affect all of the
other cores.
The abrupt cutoff in diatomaceous mud between VC325 and VC324 is most likely from
winnowing of fine sediment by dense bottom currents. Robertson Trough is very wide and flat
relative to other Antarctic paleo-ice stream troughs. Roughly north/south trending iceberg scours
occur near the shelf break (Figure 35), so it is possible that a southerly flowing bottom current
that facilitated the flow of dense bottom waters from the higher in elevation northern portion of
the trough to the deeper southern portion is responsible for removing diatomaceous mud between
VC325 and VC324.
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Conclusions from the Shelfstone Mud Facies

A Thin Ice Stream

Evans et al. (2005) inferred the paleo-ice stream was thin and that temporary liftoff was
recorded in cores VC324 and VC337 within a section of diamicton that contains pellets of till
matrix. They interpreted this as a "unit of diamicton with pellets of till matrix" interbedded with
weak deformation till, as a sub-ice shelf rainout deposit during temporary lift-off. It is
unfortunate that the core logs are only diagrammatic given that two formative mechanisms for
till pellets have been proposed by Cowan et al. (2012). If the authors are referring to the unit in
VC337 at ~2m depth and the unit in VC324 at ~2.8m depth, these may be chunks of till
containing preserved in situ till pellets that were not concentrated at the grounding-line via basal
melting and tidal pumping processes. Till pellet formation requires alternating thermal and fluid
conditions at the bed (Cowan et al. 2012). A very thin ice stream with a cold snout that did not
occupy the shelf break long enough to deposit a major TMF (or was lacking a sufficient sediment
flux) would encourage fluctuating thermal and fluid conditions in the till during smaller scale
advances and retreats. VC324 and VC337 are closest to the shelf break where the ice stream was
likely thinnest, so the presence of in situ till pellets within the diamicton and not as a
concentrated meltout facies helps to support Evans et al.’s (2005) conclusion that the ice stream
was very thin at the shelf edge while undergoing streaming flow. Further evidence for a very thin
ice stream is crosscutting MSGLs, indicative of multiple advances and thus multiple changes in
the fluid and thermal properties of the ice-stream bed. Other cores in the Outer Robertson Trough
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section contain till pellets, but none of the till pellets remained at their in situ formation place
within the till like in VC337 and VC324. Cores near the landward end of the model transect near
the GZW do not contain any till pellets like the cores in near the shelf break.

Grounding-Line Retreat Rate

Evans et al. (2005) concluded that deglaciation was continuous, and possibly very fast,
across Robertson Trough and the troughs extending from PCG, Larsen-A, and Larsen Inlet.
Retreat was then slower with occasional standstills near Southern Prince Gustav Channel and
near Larsen-A and Larsen Inlet. Larsen-A and Larsen Inlet are not covered by the transect,
however southern PGC is. The grounding-line retreat rates between each of the various cores are
shown in Figure 46 below, and they mostly agree with the findings of Evans et al. (2005). The
fastest calculated retreat rate is centered near core VC340, which is closest to the observed
thinner and occasionally crosscutting MSGLs. The other cores located in higher relief MSGL's
(VC327-VC324) areas have calculated grounding-line retreat rates that are much slower. The
87.5m/a retreat rate between the GZW and VC327 may be a stretch given that data are extremely
sparse between those two locations. In that area, it is more likely that the grounding-line initially
retreated slower landward of VC327 and then retreated faster to the site of the GZW, where the
ice stream then reached temporary equilibrium and was able to deposit the GZW.
The slower retreat rates near those cores could be explained by a topographic rise in the
bathymetry (Figure 34), which may have aided in grounding-line stability during the deposition
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Figure 46. Grounding-line retreat rates calculated from the sub-ice shelf grounding-line
proximal facies thickness in the model divided by area.

of VC327-VC324. Conversely the topographic rise may be too far away. Additionally, creation
of the more landward GZW may also have been facilitated by a temporary grounding of the
floating portion of the ice shelf on the same bathymetric rise. However, the area is lacking
sufficient data to make any meaningful conclusions since the ice shelf cavity geometry is
unknown.
In summary, calculated retreat rates from the modeling test point to an ice stream that was
initially retreating very quickly until it reached an area between VC324 and VC340. Retreat then
slowed until the grounding-line retreated near VC327. No data are present between VC327 and
the GZW, but retreat obviously ceased during the deposition of the GZW. After the construction
of the GZW, it is not unreasonable for another episode of rapid deglaciation to have occurred
given that land behind the GZW is quite deep.
Another way to encourage rapid deglaciation is cutting off the ice supply. Robertson
Trough was fed by numerous tributaries of ice, and even a small ice dome centered on James
Ross Island could have starved the paleo-ice stream of enough ice to destabilize it.
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Other tributaries like Larsen-A and Larsen Inlet could have cut off their ice flow as well.

Sensitivity of Sedimentation Rates

Slight increases of sediment accumulation rates can radically alter residency time during
grounding-line retreats and during construction of the GZW. For example, the GZW would take
222 years fewer if the subglacial sedimentation rate during GZW deposition is raised from
0.9cm/a to 1.0cm/a. Figure 49 shows recalculated retreat for the area between the starting point
of the model (10km from the shelf break) to core VC327 with a 0.1cm/a increase in sediment
accumulation rate. This small increase in the sediment accumulation rate decreases the total time
(sum of the area calculated using Method A and Method B mentioned earlier in the chapter) by
935 years. The additional 222 year time loss brings the total time saved to 1157.02 years by
increasing both sediment accumulation rates by just 0.1cm/a. Further increases in the
sedimentation rate could speed up the process even more. On the other hand, a reduction in
sedimentation rate by 0.1cm/a ends up adding 380.86 years of time to the first section and 278
years to the GZW deposition time, a total increase of 658.86 years. The model test made use of a
constant sedimentation rate throughout, which of course is unlikely in real world situations.
Subglacial deformation till sediment fluxes are highly variably during deposition (Reinardy et al.
2011b), and it is not likely that shelfstone mud deposition would also be constant through time
and space.
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Figure 47. Grounding-line retreat rates calculated from an increase in the shelfstone mud
sediment accumulation rate of 0.1cm/a. Compare with Figure 46.

The Grounding Zone Wedge

All GZW's in Evans et al. (2005) are grouped into an average <20m high and ~13.5km
long. Dimensions of each one from differing areas is not specified, and numerous grounding
zones were reported in the paper (Figure 48). Luckily, the GZW construction method used in the
model and this model test for a 20m-tall GZW yielded a ~12km long GZW (rounding down),
which is reasonably close to the approximately 13.5km value mentioned in the paper. Minor
alterations of either angle of repose could easily reproduce a 20m tall by 13.5km GZW. Figure
49 below is a picture of the GZW that was recreated in the hypothetical model. The figure also
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Figure 48. Paleo-grounding zones (bold black lines) inferred by Evans et al. (2005).

displays the location of core VC277 in relation to the wedge. The exact section where the GZW
dimensions were measured by Evans et al. (2005) is not specified. Given the sinuous nature of
the GZW, a variety of measurements can be made on the same feature of varying lengths. It is
unknown if the "approximately 13.5km" value is an average of all of the GZWs taken at their
longest lobe, an average of all lobes, or just a random measurement of each one that has been
averaged. To further complicate matters, it is unknown if the reported height of the measured
GZW's includes the overlying glacimarine and diatomaceous mud drapes, which is not related to
the formation of the GZW at all. Small artificial inflations in height matter when dealing with
angles of repose as shallow as 0.1º.

143

Figure 49. Figure showing the location of the GZW, VC277, and VC266.
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Sources of Error

The Area of No Data

It would greatly aid interpretations if there was an additional core between core VC327
and the GZW, especially if it were lacking in diatomaceous mud. If such a core existed and was
lacking in diatomaceous mud, it would help reinforce the hypothesis that the paleo-ice stream
had a floating terminus during the construction of the GZW with a calving line near VC327. The
three cores taken near the GZW, VC266, VC277, and VC275, contain 80-120cm of shelfstone
mud drape, which is more than what was calculated would be deposited by the hypothetical
model. These thicker deposits are probably due to Stage 6's 422.28 year time being the remainder
of time it takes to reach the 11ka time constraint. The 11ka ending time applies to an area
described vaguely as "southern Prince Gustav Channel" (Balco et al. 2013), and is not a direct
date from VC275. In Livingstone et al. (2011), VC277 is dated at 13,550 cal. yrs BP, which is
well ahead of the 11,000 yrs BP used in the model. However, the more landward VC242 from
the same data set is dated at 17,410 cal. yrs BP (Figure 37), so these dates are not absolute rigid
guidelines and vary greatly. It would be plausible for the thicker facies in the three cores behind
the GZW (VC275 and VC277) to be due to a slower retreat from the constricting geometry of the
land behind the GZW. Additionally, Gilbert and Domack (2003) in their ice shelf disintegration
paper mention a frost shattered Cretaceous sandstone near the area. It's entirely possible that this
sandstone contributed additional sediment relative to what was observed under Mackay Glacier
Tongue. In a computational model, an additional outside variable for englacial sedimentation
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may be required depending on the erodability of the surrounding geology.
Another unknown in this area is the thickness of diatomaceous mud facies. Thickness of
this facies is important, especially in the outer Robertson Trough region in the VC327-VC324
core area, because more data are required to confirm the paleo-calving line hypothesis in that
area without constraining another facies termination in front of the wedge.

Subglacial and Shelfstone Mud Sedimentation Rates

No major disagreements occurred between the interpretations of Evans et al. (2005) and
results of the model test run. Evans et al. (2005) stated that retreat was "continuous (and possibly
rapid)", citing that no geomorphic features indicative of a slower retreat were present on the
outer shelf. The model helps to confirm that retreat rates were indeed relatively slow. Although,
the authors did not specify what quantifies a "rapid retreat", the less than 20m/a retreat rates
calculated from sediment thickness are certainly not rapid relative to PIG's modern ~1000m/a
retreat rate (Park et al. 2013). What defines a retreat as "rapid" varies among ice streams.
Regardless of the ambiguity in what is defined as "rapid", retreat rates around 13m/a are not
considered rapid for a system this large. Calculated retreat rates from the shelfstone mud drape
yielded normal smaller-scale fluctuations in retreat rate when constrained by a logical timeframe.
Basal ice/sediment layering observed in the basal ice of ice streams by Engelhardt and
Kamb (2013), and Christofferson et al. (2010) can affect shelfstone mud facies sedimentation.
Alternating layers of sediment of various concentrations relative to the ice and sediment-free ice
caused by changing fluid and thermal conditions in the ice have been observed in the basal ice of
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polar ice streams. It is likely that the observed sediment/ice couplets may deliver debris to the
grounding-line proximal environment in non-uniform pulses if a constant basal melt rate and ice
flux are assumed. Using a more realistic ice flux that involves reactivation and stagnation of the
ice stream on smaller time scales such as the stick-slip motion observed in Whillans Ice Stream's
ice plain (Bindschlader et al. 2002) would complicate this deposition even further. Powell et al.’s
(1996) sub-ice shelf sedimentation rate may be low or high relative to other locations as with the
rates of sub-ice shelf meltout, because too few measurements have been made. Given how
grounding-line retreat rates were calculated in this model based on the amount of time it would
take to deposit of a set thickness in core at a given sedimentation rate over a given distance (2km
distance it took to reach totally clean ice), movement of a "clean ice line" to a more distal
location from the grounding-line such as 2.5km instead of 2km will increase the calculated
retreat rate by meters per year. These approximations cumulate when timescales on the order of
thousands of years are considered.

Diatomaceous Mud Sedimentation Rates

The method used in the model to calculate diatomaceous mud deposition using individual
boxes, each containing their own depositional rate, approximates a logarithmic decay in
sedimentation, but not ideally. An additional problem with diatomaceous mud comes from the
seabed flux measurements used in this study. The model assumes that the diatomaceous mud that
finds its way to the seafloor is sourced from the ocean surface directly above the site of
deposition. In reality, diatoms are subjected to numerous oceanic currents, haloclines,
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thermoclines, sea-ice conditions, and chemical dissolution as they settle out to the seafloor.
Consequently, diatoms produced in great numbers at a calving line site may be deposited several
kilometers away. Additionally, the seabed accumulation rates from DeMasters et al. (1992) used
in the model were recorded during an interglacial and are being applied to full glacial conditions.
An improved version of the model would require altering oceanographic currents and changing
diatom accumulation rates based on the climate.

Conclusions

Constraining data used for the model test from subglacial, sub-ice shelf and diatomaceous
mud sediment accumulation rates from 2000+km away in the Ross Sea, and the glaciological
geometry of an ice stream over 1000km away on the other side of the Antarctic Peninsula, create
a useful result in this area. This is surprising given how variable glacimarine sedimentation is
spatially and temporally. In addition to this, an ice shelf grounding zone remains to be directly
observed, so most processes associated with ice shelf sedimentation are inferred via core data
and from processes measured in other glacimarine settings, and not from direct observations.
The application of facies relationships derived from the hypothetical model test run
reinforced the existing interpretations of Evans et al. (2005), fit within the window of radiometric
dating for the area, broadly replicated core data, and added the possibility of a paleo-calving line
location that ties in with a known paleo-grounding zone. Additionally, the sensitivity of
sedimentation rates was explored. The most important contribution of the model test in this area
was opening up the possibility of a paleo-calving line associated with an existing GZW.
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Confirmation of this paleo-calving line with additional data would help to give glaciological
modelers another "target" to aim for, improving the accuracy of their models.
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CHAPTER 4:

TESTING THE MODEL IN THE JOIDES BASIN, WESTERN ROSS SEA

Introduction

This test of the ice shelf model attempts to replicate the facies distribution in the JOIDES
Basin, an approximately 370km-long paleo-ice stream trough in the Ross Sea, running between
Mawson and Pennell Banks. The JOIDES Basin has received streaming ice in the past from both
Mercer and Whillans Ice Streams (Figure 50) that drain a portion of the WAIS. JOIDES Basin is
an ideal area to conduct a model test because it is largely sheltered from the East Antarctic Ice
Sheet (EAIS) by Mawson Bank and Crary Bank. Geophysical data used in this model test are
from (Shipp et al. 1999; Domack et al. 1999a; Shipp et al. 2002; and Howat and Domack 2003).
Shipp et al. (1999) defined six acoustic facies and then correlated them with trigger, piston, and
kasten cores presented in detail within Domack et al. (1999a). Shipp et al.’s (1999) acoustic
facies are SF-1, SF-2, SF-3, SF-4a, SF-4b, and SF-5. Howat and Domack (2003) later slightly
modified the naming scheme and acoustic facies interpretations using higher resolution data. SF4a was renamed SF-4, and SF-4b was renamed SF-6 and this modified acoustic facies
nomenclature and interpretations will be used for ease of understanding. A summary of very
basic acoustic facies interpretations and characteristics in the JOIDES Basin is presented below
in Table 2.
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Figure 50. Location of the JOIDES Basin in the Ross Embayment and the paleo-flow lines of ice
streams. Ice Stream A has been renamed Mercer Ice Stream, and Ice Stream B has been renamed
Whillans Ice Stream. From Howat and Domack (2003).
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Table 2. Simplified interpretations and thicknesses of acoustic facies within JOIDES Basin.
From Howat and Domack 2003.
Facies name
SF – 1

Shipp et al. (1999)
Facies Thickness
4m

SF – 2

< 25m

SF – 3

< 20m

SF – 4

< 20m

SF – 5

5m

SF – 6

< 20m

Differences in Interpretation Between Shipp et al. (1999) and Howat and Domack (2003)

SF-2 and SF-3 are both closely associated with what Shipp et al. (1999) interpreted as an
80m high by 40km long GZW (composed of SF-4) near Coulman Island. SF-2 and SF-3 are
stratigraphically on top of SF-5 and SF-4 (SF-4 was labeled as SF-4a in Shipp et al. (1999)).
Domack et al. (1999a) (Figure 51) noted that the relationship between SF-4, SF-3, and SF-2 was
not completely known to them; however, they did include the following observations about the
three soft till facies: i) SF-2 is stacked above and only pinches out on SF-3; ii) SF-3 terminates
~70km from the observed GZW near Coulman Island; and iii) SF-3 downlaps SF-5. Most of
Howat and Domack’s (2003) reinterpretations involve distinguishing the terminations of facies
represented with a question mark in Figure 51.
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Figure 51. Summary of acoustic facies relationships. SF-4b has been renamed SF-6, and SF-4a
has been renamed SF-4 in this paper. Note the lack of scale. From Shipp et al. (1999).

Domack et al. (1999a), the companion paper to Shipp et al. (1999), established a
chronology based on facies relationships. They interpreted that grounded ice reached the
Coulman Island area and partially constructed the GZW near it during a brief standstill that
occurred during the LGM. During the GZW's deposition, SF-3, which at that time was
interpreted as ice-proximal glacimarine sediment and not as subglacial sediment, was deposited
in front of the GZW. Ice then advanced over the GZW and across SF-3, remolding a portion of
SF-3 into SF-2. SF-2 contains flutes on its surface that are interpreted as ice contact at the time
of deposition. Additional faint flutes occur on the surface beyond SF-2 towards the shelf break
on SF-3. After the minor advance, the ice stream was interpreted as having retreated to the
GZW's location and deposited the observed component of SF-4 that downlaps a portion of SF-2,
and then retreated further. Domack et al.’s (1999a) LGM grounding-line was placed at the most
seaward portion of SF-3 within the trough.
Howat and Domack (2003) later reinterpreted this area with higher resolution data. SF-2
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and SF-3 were reinterpreted as recessional back-stepping GZWs deposited during short pauses of
the ice stream after liftoff. Additionally, SF-2 and SF-3 were shown to terminate on top of SF-4
instead of terminating in front of SF-4. SF-4's “takeover” of the area that was originally thought
to be composed of SF-3 kept the same LGM grounding-line position after the reinterpretations.
Figure 52 below is a figure showing the reinterpreted stratigraphic relationships. In Figure 52,
Unit 4 corresponds to what Shipp et al. (1999) called SF-3 and the original SF-3 and SF-2 were
then moved landwards. The reinterpretations were largely a resolution of problems shown in
Figure 51 concerning stratal terminations below the surface of the GZW. The overall geographic
extent of glaciation and associated deposition remained mostly unchanged between the two
papers.
Howat and Domack (2003) also specified the differing thicknesses of each acoustic facies
between Pennell Trough and JOIDES Basin, and redefined thicknesses of all facies based on the
higher resolution data. Table 2 below shows how the facies thicknesses changed between Shipp
et al. (1999) and Howat and Domack (2003).

Facies Terminations

Facies terminations were based on a combination of data from Shipp et al. (1999),
Domack et al. (1999a), Shipp et al. (2002), and Howat and Domack (2003). The termination of
SF-4, which marks the LGM grounding-line, and the lee-side termination of the back-stepping
GZWs (SF-2 and SF-3) were determined from Figure 2 of Howat and Domack (2003).
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Figure 52. Reinterpreted stratigraphic relationship between acoustic facies in the JOIDES
Basin. Compare with Figure 51. From Howat and Domack (2003).

Table 3. Comparison of facies thicknesses between Howat and Domack (2003) and Shipp et al.
(1999). Note that the summed thickness is nearly the same in both publications. From Shipp et
al. (1999) and Howat and Domack (2003).
Facies Name
Shipp et al. (1999)
Howat and Domack 2003
SF – 1

4m

2 - 9m

SF - 2

< 25m

<15m

SF - 3

< 20m

<35m

SF - 4

< 20m

<10m

SF – 5
SF - 6

5m
< 20m

<10m
N/A (acoustic basement)

As Howat and Domack (2003) had the highest resolution and most recent data relative to the
other studies, their interpretations will take precedence over previous interpretations made by
Shipp et al. (1999). The finalized terminations are shown in Figure 53 below. Within Howat and
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Domack’s (2003) Figure 2, Profile 6A shows the termination of SF-4 (Figure 54 here), whereas
Profile 4 shows the termination of SF-2 and SF-3. The map showing thicknesses (Figure 55) of
SF-2 and SF-3 have been reinterpreted and moved by Howat and Domack (2003). Figure 56
below is a semi-transparent image of Figure 54 overlain on top of an enlarged segment of Figure
52 showing differences between interpretations of Shipp et al. (1999) and Howat and Domack
(2003). The main difference is that SF-2 and SF-3's termination points are closer and has been
moved back approximately 60km, while SF-4's termination now lies in the same spot as where
Shipp et al. (1999) placed the termination of SF-3. The numerous holes in strata-termination data
have been filled in by Howat and Domack (2003), resulting in the dislocation of SF-2, SF-3, and
SF-4. Additionally, the extent of SF-5 in Howat and Domack (2003) has been downsized relative
to Shipp et al. (1999). The dark gray patch in Figure 56 represents the area where diatomaceous
mud directly overlies pre-LGM stiff till (SF-6), and the light gray polygon is the shrunken extent
of SF-5 relative to Shipp et al.’s (1999) interpretations. Ambiguities still occur between the two
GZWs even with geophysical data from three studies, this is especially true for SF-2
terminations. Shipp et al. (1999) described the wedge near Coulman Island as 80m high and
~40km long, and also noted that the largest GZW is near Coulman Island, however, Howat and
Domack (2003) do not mentioned this in their paper. This is problematic because as shown in
Figure 55, the thick black bar which separates Shipp et al.’s (2002) Zone 5 from Zone 6 is in the
middle the small exposed portion of SF-3 and SF-2. Due to these inherent ambiguities, some
estimation is required when dealing with the GZWs as is explained later in the chapter.
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Figure 53. Transect, core dates, and core locations of cores KC-39, PC-44, PC-01, and PC-25
from the 1995-01 Cruise of the Nathaniel B. Palmer. ANTA cores are from the PNRA. CHGC-08
is from the Coulman High Project. Modified from Domack et al. (1999a).
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Figure 54. Profiles showing terminations of facies within JOIDES Basin and the stratigraphic
relationship of facies. Contours within SF-5 (light grey unit) denote thickness in meters of SF-5.
Modified from Howat and Domack (2003).
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Figure 55. Transect location superimposed on the facies thickness map of Shipp et al. (1999).
Red numbers indicate geomorphic zones specified in Shipp et al. (2002). Modified from Shipp et
al. (1999), Domack et al. (1999a), and Shipp et al. (2002).
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Figure 56. Howat and Domack’s (2003) interpretations superimposed on Shipp et al.’s (1999)
interpretations. The area filled with horizontal lines is Shipp et al.’s (1999) SF-5 extent. All other
stippled patterns are the same as in Figure 6. Modified from Shipp et al. (1999) and Howat and
Domack (2003).

Core Correlation Between Research Groups

The most problematic area in this model test is seaward (north) of the three backstepping
GZWs because there are few cores that penetrate the diatomaceous mud facies. Fortunately, a
group of Italian researchers have obtained some gravity cores north of the GZWs during several
research cruises in the 1990’s, part of the “Progetto Nazionale di Ricerche in Antartide”
(P.N.R.A.). Unfortunately, images of the cores are not available and neither are sedimentological
descriptions nor criteria used to distinguish facies. Thus assumptions are made based on the
available graphic logs. Additionally, interpretations of the same cores vary among publications:
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Salvi et al. (2004) and Salvi and Melis (2008) reinterpreted some cores as containing fewer
facies than the original interpretations of Frignani et al. (1998). More problems occur when
trying to correlate CHCG-08 from the Coulman High Project (Maas 2012) with Domack et al.
(1999a). All three projects use a different classification scheme to describe the sediments in their
cores. It is possible to “back out” facies interpretations from the PNRA cruises and correlate
them with Howat and Domack’s (2003) acoustic facies and core data from various projects by
comparing the percent sand and TOC logs with those from Domack et al. (1999a) and Maas
(2012), specifically core KC-39.

KC-39 and ANTA91-19

Figure 57 compares core logs, facies, and TOC logs between Frignani et al. (1998) and
Domack et al. (1999a). The significantly deeper core with thicker black TOC line is from
Frignani et al. (1998), whereas the overlying shorter core with a thinner line is from Domack et
al.’s (1999a) KC-39. The TOC and lithological logs correspond to each other well, so it is likely
that both authors cored a very similar stratigraphic sequence. The major discrepancy between the
two logs is the extent of the sub-ice shelf facies, which Frignani et al. (1998) called a
“transitional facies” following decoupling of ice from its bed. Frignani et al.’s (1998) differing
interpretation is based on the spike in TOC Frignani's group cored that Domack's group did not.
This small spike in TOC can be explained by the presence of a shear plane, which has been
shown by O'Cofaigh et al. (2005) to increase the concentration of broken diatom valves by over
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Figure 57. Domack et al.’s, (1999a) KC-39 core log, facies interpretations, and TOC log
overlain on top of ANTA91-19's core log (left core log) and TOC plot. The red horizontal lines
correspond to what Frignani et al. (1998) called a transitional facies, while the blue lines
correspond to Domack et al.’s (1999a) sub-ice shelf facies. The red dashed line shows a
correlation between the two papers. Modified from Domack et al. (1999a) and Frignani et al.
(1998).
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an order of magnitude, or simply by the distance between KC-39 and ANTA91-19 in relation to
the ice stream's locus of sedimentation. The locus of sedimentation should have less biogenic
material relative to terrestrial sediments due to the higher sediment flux.
Howat and Domack (2003) also observed that the backstepping-GZW complex was
partially plastered up the side of Mawson Bank, and ANTA91-19 is closer to Mawson Bank.
This elevation change may have affected oceanic currents associated with oceanographic and
glacial/sea ice processes at each core site differently. Some variability should be expected over
the ~20km distance. Domack et al. (1999a) has “muddy diamict” where Frignani et al. (1998)
has mud, sandy mud, mud with clasts, and mud with spicules. It is interesting to note that
Frignani et al.’s (1998) highest non-diatomaceous mud unit corresponds very well in core depth
and thickness with Domack et al.’s (1999a) silty clay and muddy gravel units (Figure 58). Salvi
et al. (2004) have a higher resolution TOC log and grain size data from ANTA91-19, which are
also very similar to Domack et al.’s (1999a) percent sand plot and TOC log (Figure 58).

Lithologic Log Comparison and Discussion

Salvi and Melis (2008) reinterpreted the PNRA cores and altered the facies interpreted by
Frignani et al.’s (1998) for biostratigraphy. The lithologic/biostratigraphic interpretations from
Salvi et al. (2004) and Salvi and Melis (2008) will not be used in this chapter, because their
reinterpretations that focused on biostratigraphy differ from those sedimentological
interpretations of Domack et al. (1999a).
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Figure 58. Comparison of percent sand and TOC logs of Domack et al.’s (1999a) KC-39 with
Salvi et al.’s (2004) ANTA91-19. In Salvi et al.’s (2004) grain size plot, black is percent sand,
the“parquet” pattern is percent silt, and white is percent clay. Modified from Domack et al.
(1999a) and Salvi et al. (2004).
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However the Italian radiocarbon, grain size, and TOC logs are used here because their
reinterpretations go against Domack et al.’s (1999a) interpretations, and are not focused on
sedimentology. Salvi and Melis (2008) ignore a turbidite described by Frignani et al. (1998) in
the ANTA91-14's core log (Figure 59) and seen in the TOC (a decrease) and percent sand (an
increase) plots of nearby ANTA99-cJ5 from Salvi et al. (2004) (Figure 60). Although it is
scientifically dangerous to reinterpret graphic core logs, the TOC and percent sand logs from
Salvi et al. (2004) and Salvi and Melis (2008) are here combined with the older geophysical
(Howat and Domack 2003) and sedimentological (Domack et al. 1999a) data to correlate cores
from the PNRA cruises with Howat and Domack’s (2003) facies. CHGC-08 and KC-39 are the
only two cores with a confirmed pellet-rich diamict facies. Unfortunately the two cores are very
different in thickness and are located several hundred kilometers from each other, so direct
correlation is not possible. Diamict was less than than 1m depth in core CHGC-08 whereas it
occurred below ~2m down in core KC-39. This is probably related to grounding-line dynamics,
as KC-39 is cored north of SF-2 and SF-3 on the lee side terminations of two of the backstepping
GZW and above SF-4. Assuming an anomalously high sediment flux was not active at the time
of KC-39's deposition, this places the core in an area with a slow moving or stagnant groundingline. Core CHGC-08 is in an area that was undergoing rapid grounding-line retreat (Maas 2012)
at the time of deposition, so the thinner retreat sequence at CHGC-08 is not surprising.
Additionally, the magnitude of the rise in TOC associated with lift-off of the grounding-line is
much less than in outer shelf cores (Figure 4.7 in Maas 2012).
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Figure 59. Comparison of ANTA91-14's core log within Frignani et al. (1998) and Salvi and
Melis (2008). Notice the disappearing turbidite and the radiocarbon age inversion associated
with it. The bottoms of each core have been eliminated from each figure to save space. Numbers
on the sides of the cores correspond to radiocarbon ages. Frignani et al.’s (1998) ages are
uncorrected, Salvi and Melis’ (2008) ages are corrected. Modified from Frignani et al. (1998)
and Salvi and Melis (2008).
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Figure 60. Comparison of ANTA91-14 (Frignani et al. 1998) with ANTA99-cJ5 (Salvi et al.
2004), showing how the TOC and percent sand plots can be used to trace the turbidite between
cores. In Salvi et al.’s (2004) grain size plot, black is percent sand, parquets are percent silt, and
white is percent clay. Modified from Salvi et al. (2004) and Frignani et al. (1998).
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Uniform Facies Descriptions

Differing Identification Criteria Across Publications

Data from two Nathaniel B. Palmer cruises (1994-01 and 1995-01) are utilized in this
study (Domack et al. 1999a). Sediment description procedures outlined in the 1994-01 cruise log
mention that their methods are largely derived from Kaharoeddin et al. (1988) (cf. Figure 61). In
addition to what is presented in Figure 61, the modifier “bearing” means that the component is
present at greater than 15% of the facies. An example of this would be “diatom-bearing sand”,
which indicates a sand unit contains greater than 15% diatoms according to their classification.
As mentioned above, the PNRA researchers do not mention the methods and criteria they
used to define facies, but facies correlation among all studies is possible using TOC and percent
sand data in addition to the graphic logs. All facies are renamed and/or minimally reinterpreted
to follow the facies nomenclature and descriptions of Domack et al. (1999a). The combined and
reinterpreted facies used in this model test are, from stratigraphic top to bottom: i) Diatomaceous
Mud – representing open marine conditions, ii) Transitional Sands/Muds – representing a sub-ice
shelf grounding-line distal environment, or an open ocean environment that forbids the
deposition of diatomaceous ooze due to external forces such as current winnowing or icebergkeel turbation, iii) Pellet-Rich Diamict – representing a sub-ice shelf, grounding-line proximal
environment, iv) Soft Diamicton – representing a subglacial environment, and v) Stiff Diamicton
– representing a subglacial environment.
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Figure 61. Methodology used in the 1994-01 and 1995-01 Nathaniel B. Palmer cruises to
designate facies used in their core logs. From NBP Cruise 1995-01 crew, et al. (1995).

Omission of a Dropstone Diamict

A deposit indicative of the calving line described by Domack et al. (1999a) showing a
concentration of ice rafted debris is not included in this model because only two of the nine total
cores used to create an ideal recessional ice shelf sequence actually contained this deposit
(Domack et al.’s (1999a) Figures 56 and 61). The two cores (TC-18 and TC-19 from the NPB
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1995-01) that have this calving-line facies occur within 100km of the Ross Ice Shelf’s current
calving line. According to data from Maas (2012), the Ross Ice Shelf's calving line probably
became pinned against Ross Island while the grounding-line continued to retreat during
deglaciation. This hypothesis gives TC-18 and TC-19 the longest time near a modern calving
line relative to all other cores used by Domack et al. to make the idealized retreat sequence.
Coarse sediment (up to ~1.5m in diameter) has been observed on the seafloor near the Ross Ice
Shelf's modern calving line (Maas 2012). However, video camera data from Maas 2012 found
no coarse sediment within its viewing range of the basal portion of the Ross Ice Shelf, and no
glacial debris within the ice shelf in the Coulman High area.

Diatomaceous Mud

The criteria used in the PNRA cruises to distinguish diatomaceous mud, specifically the
percent diatoms relative to other sediment, is not available. Fortunately, ANTA91-19 and
Domack et al.’s (1999a) KC-39 were cored very near each other, and they both contain a very
similar amount of diatomaceous mud according to their core logs (Figure 58). Due to the limited
information concerning the criteria for the diatomaceous mud facies, all PNRA facies
thicknesses of diatomaceous mud will be taken directly from Frignani et al.’s (1998) core logs.
Domack et al. (1999a) differ from the NBP 1995-01 cruise log in their interpretations of
the diatomaceous mud facies. An x-radiograph of TC-18 and its description is presented by
Domack et al. (1999a) and in the NBP1995-01 cruise log. What the NBP 1995-01 crew
described as “diatom-bearing” was called “sandy siliceous mud” or “siliceous mud” in Domack
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et al.’s (1999a) interpretation. However, Domack et al.’s (1999a) TC-13 description has 10cm to
the NBP1995-01 cruise log thickness, while the NBP 1995-01 crew's description of TC-16
includes the pellet-rich diamict within diatomaceous mud, adding several centimeters to its
overall thickness. Similar to Frignani et al.’s (1998) interpretations, this is due to ignorance,
however it still makes correlation difficult. Another example of these inconsistencies is core TC19, which loses approximately half a meter of diatomaceous mud in the NBP1995-01 cruise log
vs. Domack et al.’s (1999a) interpretation of the same core. Due to these inconsistencies,
Domack et al.’s (1999a) interpretation will be preferred over the NBP1995-01 cruise log because
they are from a post-cruise description. Any mention of diatoms in the NBP1995-01 cruise log
sediment descriptions will be treated as diatomaceous mud, and care will be taken to see if the
pellet-rich diamict has been accidentally included within the diatomaceous mud thickness.
Maas (2012) used the same criteria as the ANDRILL team, which also seems to be less
generous in the mentioning of diatoms relative Domack et al. (1999a). The ANDRILL team
assigned modifiers to sediments containing both terrigenous and biogenic material. A terrigenous
to biogenic sediment ratio containing 10-25% biogenic material uses the modifier “bearing”, 2550% biogenic material uses “rich”, and >75% biogenic material uses “ooze” as the modifier.
The diatomaceous mud facies is characterized by a low percentage of sand, a common
attribute in Figures 58 and 60, in combination with a higher TOC percentage. In all outer shelf
cores used to test this model run, open marine conditions are indicated by a “leveling off” of the
TOC percentage at around 1.20-1.25%, which is indicated by the dashed red line in Figure 62.
Core CHGC-08 has much lower TOC than the other cores, however it was cored hundreds of
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Figure 62. Comparison of ANTA99-J5, ANTA91-19 (Salvi et al. 2004), KC-39 (Domack et al.
1999a), and ANTA91-14 (Frignani et al. 1998) TOC plots. The red dashed line indicates an
“averaged TOC maximum” around 1.2%, indicating the likely presence of diatomaceous mud.
Modified from Salvi et al. (2004) and Domack et al. (1999a).
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kilometers away. ANTA99-J5 and ANTA91-14 probably contain a larger portion of TOC, due to
their distance from the LGM extent relative to KC-39 and ANTA91-19 (Figure 58). Figure 62
also shows how TOC by itself is not a reliable indicator of diatomaceous mud, as it has a spike
that correlates well to Domack et al.’s (1999a) sub-ice shelf, grounding-line proximal location.
This spike in TOC is likely from the remains of life that has been partially reworked into the
underlying diamict but has not been completely obliterated by the grounded ice. It is also worth
mentioning that the turbidite in ANTA91-14 lowers the TOC temporarily, but it returns to the
same level almost immediately.
Given that diatomaceous mud is very fine grained and deposited in an open marine
environment, it should be reflected in grain size percentage assuming the contemporaneous
IBRD sedimentation rate is not greater than the diatomaceous mud sedimentation rate. Figure 63
shows the sand sized fraction is drastically reduced (approaching 0%) relative to the silt and clay
percentages in all three grain-size plots through the diatomaceous mud. A small increase in sand
occurs in the ANTA99-J5 log associated with the turbidite. Core PC-07 from the NBP1994-01
Cruise includes 268 cm of diatom-bearing clay, which is similar to the observed thickness of
diatomaceous mud in ANTA99-cJ5 and ANTA91-14.

Stiff Till and Soft Till

The PNRA program makes no distinction between stiff and soft diamicton, which can be
problematic towards the inner shelf area where soft till becomes thinner and patchier. The
distinction between soft and stiff till is generally defined using porosity and shear strength data
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Figure 63. Percent sand, silt, and clay comparison between three cores. ANTA91-19 is near KC39, while ANTA99-J5 is located much farther away. Modified from Salvi et al. (2004) and
Domack et al. (1999a).
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(cf. O'Cofaigh et al. 2007), however, such data are unavailable from these cores. Using the grain
size and TOC plots to try and designate soft till from stiff till is unwise, as any diamict is defined
as a range of grain sizes. In Figure 63 above, if one didn't know the bottom portion of the core
consisted of diamict one could easily interpret the bottom portion as a series of larger scale
turbidites or diamict debris flows, since they all look quite similar. The only difference between
ANTA99-J5, which should be stiff till, and ANTA91-19, which should be soft till, is that the soft
till appears to have a more varied fluctuations in the percentage of sand, silt, and clays vs the stiff
till. Fortunately, geophysical data from Howat and Domack (2003) can be used to help constrain
and correlate facies within cores.
Figure 64 shows the lee-side terminations of the backstepping GZW complex in the
JOIDES Basin described by Howat and Domack (2003) using geophysical data. KC-39 and
ANTA91-19 should only sample soft diamict and not stiff diamict given their position along the
known geometry of the GZW complex. ANTA99-J5 and ANTA91-14, according to Howat and
Domack’s (2003) data, should sample pre-LGM stiff till with an overlying thin (<2m thick) layer
of shelfstone mud sediment (Figure 63). No cores used in this study are sufficiently deep to
penetrate the geophysical maximum thickness of the GZW (~80m), nor are they deep enough to
penetrate the shallowest unit of soft till, SF-4 (Howat and Domack 2003; Shipp et al. 1999).
ANTA99-J5 and ANTA91-14, according to Howat and Domack’s (2003) data, should sample
pre-LGM stiff till with an overlying thin <2m thick layer of shelfstone mud sediments (Figure
63). No cores used in this study are anywhere near deep enough to penetrate the recorded
maximum thickness (~80m) of the GZW, nor are they deep enough penetrate the shallowest unit
of soft till, SF-4 (Howat and Domack 2003; Shipp et al. 1999).
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Figure 64. Core locations used in this study overlain on the terminations designated by Howat
and Domack (2003). The light gray shading with contours represents the areal extent and
thickness in meters of sub-ice shelf facies (SF-5) underlying diatomaceous mud (SF-1). The dark
grey area represents the area where diatomaceous mud overlies stiff till (SF-6). Modified from
Howat and Domack (2003).

Transitional Sands and Muds

This is the most difficult facies to define given data available in the literature. Frignani et
al.’s (1998) interpretations appear consistent with Domack et al.’s (1999a) work. Both sets of
authors recognized that changes in sedimentology occurred at about the same depths down-core.
Frignani et al.’s (1998) sand and mud interpretations appear consistent with Domack et al.’s,
however, care is taken when using their thicknesses. Figure 58, which compares closely located
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cores KC-39 and ANTA91-19, shows a good agreement between the two. However Frignani et
al. (1998) describe sandy mud and mud where Domack et al. (1999a) have muddy diamicton.
Frignani et al.’s (1998) group probably chose to place the division between diamicton and
transitional facies farther down than did Domack et al. (1999a) based on a small kick in the TOC
content where some sponge spicules are noted in the core.
The Nathaniel B. Palmer cruise data will not be used to determine the thickness of this
facies, primarily due to their stricter definition of diatomaceous sediments, which acts to inflate
this unit’s thickness. Where no other alternative exists these data are used, but only as a guide
rather than as a rigid guideline.

The Pellet-Rich Diamict

This facies poses the largest problem of all because it was not recognized as something of
great importance until 1999 by Domack's group. It was previously mentioned in other works, but
it had not been previously recognized as an individual facies. Frignani et al. (1998) was
published too early to distinguish the facies, and Salvi et al. (2004) and Salvi and Melis (2008)
do not mention till pellets. Due to this, the pellet-rich diamict is included in the Transitional Sand
and Mud facies.

Reinterpreted Cores

Based on the discussion above, ANTA91-14, ANTA91-19, and ANTA99-cJ5 have been
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simplified and reinterpreted into three different facies based on their coring location relative to
Howat and Domack’s (2003) sub-ice shelf facies distribution map, their TOC logs, and percent
sand plots (when available) of the P.N.R.A cores (Figure 65).

Model Constraints

Radiometric Dating in the Ross Embayment

Carbon dating in the Ross Sea is problematic, primarily due to its lack of calcareous
organisms, a loss of top sediment during the coring process, and the recycling of old carbon. The
recycling of old carbon in core-top sediment dates can yield results as high as 21,000 14C yrs BP
(Salvi and Melis 2008). Numerous different corrections are required depending on where
samples are taken, and as a result, radiocarbon accelerator mass spectrometric (AMS) dates on
acid insoluble organics (AIO) must be used when carbonates are not available. However, even
that method is one of “last resort” (Andrews et al. 1999). Another issue with dating in the Ross
Sea relative to constraining the model test area is that a majority of terrestrial dates apply to
neighboring Drygalski Trough, which is lacking in geophysical data compared to JOIDES Basin.
Much debate still surrounds the timing of the Ross Sea's deglaciation. A more recent
example of this is Ackert Jr.’s (2008) reassessment of Conway et al.’s (1999) “swinging gate”
deglaciation model. Conway et al.’s (1999) model used Roosevelt Island as a pinning point (the
hinge in the swinging gate), and had the fastest grounding-line retreat along the Transantarctic
Mountains/Drygalski Trough area and the slowest at the Roosevelt Island pinning point.
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Figure 65. Radiometric dates, reinterpreted facies thicknesses, depositional environment,
original core interpretation, percent TOC and percent sand plots (when available) of the
P.N.R.A cores. Modified from (Frignani et al. 1998; Domack et al. 1999a; Salvi et al. 2004; and
Salvi and Melis 2008). Continued on next page.
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Figure 65. Radiometric dates, reinterpreted facies thicknesses, depositional environment,
original core interpretation, percent TOC and percent sand plots (when available) of the
P.N.R.A cores. Modified from (Frignani et al. 1998; Domack et al. 1999a; Salvi et al. 2004; and
Salvi and Melis 2008). Continued on next page.
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Figure 65. Radiometric dates, reinterpreted facies thicknesses, depositional environment,
original core interpretation, percent TOC and percent sand plots (when available) of the
P.N.R.A cores. Modified from (Frignani et al. 1998; Domack et al. 1999a; Salvi et al. 2004; and
Salvi and Melis 2008). Continued on next page.
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Figure 65. Radiometric dates, reinterpreted facies thicknesses, depositional environment,
original core interpretation, percent TOC and percent sand plots (when available) of the
P.N.R.A cores. Modified from (Frignani et al. 1998; Domack et al. 1999a; Salvi et al. 2004; and
Salvi and Melis 2008).

Ackert Jr.'s (2008) reassessment placed an embayment in the central Ross Sea, which
converted the swinging gate into a “swinging saloon door”. The “saloon door” agrees much
better with the Ross Sea's marine record than the “swinging gate” model. Additionally, Hall et
al. (2013) updated Conway et al.'s (1999) model to include a central embayment much like
Ackert Jr's model, however Hall et al. (2013) state that the central embayment is “based only on
conjecture at present” (Figure 66).
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Figure 66. Comparison of Conway et al. (1999) (A), Ackert Jr. (2008) (B), and Hall et al.’s
(2013) (C) models of deglaciation in the Ross Sea after the LGM.
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The outer shelf portion of the model is constrained by a review paper of the Antarctic Ice
Sheet during the LGM by Anderson et al. (2002). They summarized Conway et al. (1999),
stating that the Ross Sea ice sheet “grounded on the outer shelf from at least 27,820-12,880
calendar yr BP”. Anderson et al. (2002) also mention 40Ar/39Ar dates of 29,000-12,000 yr BP
from ~350m above modern day ice thickness from an unpublished dissertation (Wilch 1997)
focused on glacio-volcanic deposits near Mount Takahe that agree with the outer shelf dates.
This approximately 15kyr-long window is used to constrain the onset of retreat from the outer
shelf area in the model transect. Brambati et al. (2002) provided an additional AIO date of
14,010 cal yr BP, compared with 13,010 cal yr BP for KC-39 at 208-210cm depth. KC-39's
calibrated date is from Livingstone et al. (2012) for the LGM in sample GX24508.

Radiometric Dating in the Outer Shelf Region from Core Data

The outer shelf retreat rate is constrained using AIO dates within the transitional facies.
These dates do not designate exactly when the grounding-line passed over a site post-ice stream
liftoff. They instead constrain a window of time during which either soft diamicton (cf. Cowan et
al. 2012), or meltout diamicton were deposited in a zone proximal to the grounding line
(Domack and Harris, (1998); Domack et al. (1999a); Howat and Domack (2003). Cowan et al.
(2012) developed a model that showed two mechanisms requiring the formation of till pellets
within deformation till. However, they still mention that it is possible to freeze till pellets to the
base of an ice stream and then deposit them in front of the grounding line similar to the
depositional hypothesis of Domack et al. (1999a).
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Core NBP95-01 KC-39 has both the bottom and top of the pellet-rich diamict facies
dated, whereas in core ANTA91-19 the bottom of what is assumed to be the pellet-rich diamict
facies is dated, and there is an additional date within diatomaceous mud approximately 10cm
above the granulated facies. KC-39's dates are within the transitional facies so they will take
precedence over ANTA91-19's dates, which are less ideal. Despite these differences, the cores
still agree well with each other (Figure 65).
ANTA91-19 is cored on what is either the very top of the GZW complex (SF-2) or within
(SF-3), the next wedge below it (Figure 64). KC-39 is cored a few kilometers in front of the two
back-stepping wedges, so it can be used to constrain the timing of both wedges, whereas the
other core cannot. Both cores are very near each other and contain a similar thickness of pelletrich diamict facies, so they are thought to have experienced a similar sediment flux and
depositional conditions.
ANTA91-14 and ANTA99-cJ5 both have dates above what is interpreted to be sub-ice
shelf portion of transitional facies deposits that is distal to the grounding line (no pellet-rich
diamict facies). ANTA91-14's date is much closer to the transitional facies than that of
ANTA99-cJ5 (Figure 65), allowing it to be used as a calving line date.

Corrugation Moraines

Unfortunately no grounding-line retreat dates exist near Ross Island within the JOIDES
Basin, so the geomorphology-based averaged grounding-line retreat rates hypothesized by Shipp
et al. (2002) (40-100m/a) on corrugation moraines will be used instead as a crude dating estimate
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between the GZW complex and the terminating core near Ross Island. These corrugation
moraines are thought to be annual because the dates agree well with neighboring Drygalski
Trough. Shipp et al. (2002) divided the JOIDES Basin into six geomorphic zones (Figure 54),
and noted that corrugation moraines occur in all of them except Zone 1, which is closest to the
modern calving line.
A comprehensive study on corrugation moraines was undertaken by Graham et al. (2013)
after corrugation moraines similar to those found in JOIDES Basin were found to occur on the
shelf distal to modern Pine Island Glacier (PIG). These features were observed with highresolution multibeam data from an autonomous underwater vehicle (AUV) on a seafloor high
(not a GZW) located approximately 25km landward of PIG's calving line. Graham et al. (2013)
compared the corrugation moraines to those observed by Shipp et al. (2002) and Jakobssen et al.
(2011) while speculating about multiple formative processes (Figure 67). Jakobsson et al. (2011)
argued they were created on the outer shelf by a mélange of large grounded icebergs which
responded to tidal forces, pushing and squeezing the sediment into corrugation moraines over
time as they grounded and partially floated. Graham et al. (2013) argue the corrugation moraines
under PIG are from sub-ice shelf keels pushing the sediment in a very similar process to the one
involving icebergs by Jakobsson et al. (2011). Graham et al.’s (2013) hypothesized process
involving sub-ice shelf keels will be used to constrain retreat because it agrees with Shipp et al.
(1999) and Shipp et al. (2002), and because it would be extremely difficult for icebergs to have
created corrugation moraines and a GZW over a 400km distance while surviving the duration of
retreat across the entire JOIDES Basin.
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Figure 67. A: Corrugation moraines under Pine Island Glacier's ice shelf B: Pine Island Trough
(EM122 multibeam swath bathymetry, from Cruise OS0910 of the RV Oden). C.+D: The
JOIDES basin, Ross Sea (side scan sonar records, Cruise NBP9801 of the RVNathaniel B
Palmer (Anderson, 1999). From Graham et al. (2013).

Other Radiometric Dates

Radiometric dates from other studies, such as McKay’s (2008) date from HWD03-2, are
not usable because they are too far away behind Ross Island, and because they are located in a
different trough that was fed by more ice from EAIS. AIO dates from core CHGC-08 cannot be
used because they are from the youngest part of the pellet-rich diamict facies (sampling interval
at 88-89cm core depth) and are thus too old due to recycled carbon and the low sedimentation
rates in the area. The ages are also frequently inverted and not stratigraphically consistent, as
shown below. Despite the problems in AIO dating, two radiocarbon dates on foraminifer shells
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(Table 3) were obtained by Maas (2012). The first date is from an N. pachyderma at 50-52cm
depth, and it is 8,391 +/- 55 cal BP (corrected age of 7,526 14C yr BP). The second is 8,555 +/75 cal BP (corrected age of 7,692 14C yr BP) from benthic foraminifera. Both corrected dates
used a reservoir age of 1200 years, and the calibrated ages are from Reimer al., (2009). These
yielded an approximate grounding-line retreat rate of 118m/a, which loosely agrees with Shipp et
al.’s (2002) retreat rate based on corrugation moraines of 40-100m/a (depending on the spacing
and number of corrugation moraines). This faster retreat rate does not agree with Conway et al.’s
(1999) swinging gate model for grounding-line retreat; however, it is compatible with the
“saloon door”-like retreat embayment through the central Ross Sea (Hall et al. 2013) (Figure 66).
Additionally, Maas’ (2012) retreat rate was calculated as being a straight line, not along the
trough axis. The trough axis arcs through this area, which makes the length of travel slightly
longer and lowers the retreat rate estimate.

Problems with Establishing a Chronology

Although neighboring paleo-ice streams need not advance or retreat at similar rates, a
chronology has been established for the neighboring Drygalski Basin, which allows for some
comparison using similar latitudes. Anderson et al. (2013) state that the grounding line was south
of Coulman Island by 13.0ka cal yr. BP (Cunningham et al. 1999). It then retreated to Drygalski
Ice Tongue at ~11.0ka cal yr BP (Domack et al. 1999; Cunningham et al. 1999), and retreated
further to Ross Island by 7.8ka cal yr BP (Hall et al. 2013; Hall et al. 2004). An additional date
for retreat past Ross Island from Licht et al. (1996) was calibrated in Anderson et al. (2013).
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Table 3. Bulk sediment 14C chronology for core CHGC-08. From Maas (2012).

This ending date is 6630 cal yr BP, from PC-57 of the Deep Freeze 80 cruise. If one uses the
same latitudes in the JOIDES trough, then there is about a 5200 year window for the retreat to
Ross Island landward of the GZW. Another issue with dating ice retreat in this area is the
ongoing debate concerning whether the ice stream had a long or short floating terminus during
retreat. Calving line retreat is even more poorly constrained than grounding line retreat in this
basin because it is all but impossible to know the geometry of the ice during retreat. Maas (2012)
hypothesized that an ice stream with a short floating terminus used Ross Island as a pinning point
based on CHGC-08 (rationale for this will be discussed later). This hypothesis implies that the
modern calving line position has not changed significantly since it began to use Ross Island as a
pinning point, which is not unreasonable. However, this hypothesis is again relating primarily to
Drygalski Basin and not the JOIDES Basin.
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Glaciology

Utilizing the Ross Ice Shelf's modern distance between its grounding-line and calving
line in the model would be a foolish mistake because its current geometry is critically dependent
on the lateral support provided by the Ross Embayment's sidewalls. Current glaciological models
such as Golledge et al. (2012) do not show an extensive floating terminus leaving the Ross
Embayment at the LGM. This creates a problem because the calving line during retreat is
completely unknown and cannot be predicted via facies relationships like it was in Robertson
Trough. The Ross Ice Shelf is completely unique in its size, so “similar” ice shelf geometries do
not exist as they do for Antarctic Peninsula examples. Due to these problems, diatomaceous
mud sedimentation will only show what is represented in cores and no attempts will be made to
tie the calving line to the grounding-line, as the calving line and its paleo-sedimentation rates are
unknown.

Problems with Diatomaceous Mud Sedimentation

Robertson Trough is fairly broad and flat relative to other troughs, so it was possible to
compare the observed diatomaceous mud with predicted accumulation in the model. However,
the JOIDES Basin, especially the outer shelf area, is not wide enough to avoid excessive
sediment focusing processes. PC-07 from NBP94-01, which was cored approximately 50km
seaward of ANTA99-J5 and ANTA91-14 contains approximately 268cm (total length of core
recovery) of diatom-bearing clays. This 268cm thickness is consistent with the inferred thickness
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of the same facies into the two PNRA cores. Two other NBP1994 cores, PC-06 and PC-05, run
perpendicular to the trough axis into shallower waters. As one goes up in elevation on Mawson
Bank, the amount of sand increases whereas the amount of diatoms decreases. This is probably
from dense traction currents created via brine rejection during sea ice formation flowing down
the banks into the trough, and entraining and carrying diatom frustules. This area has also been
subject to intense iceberg scouring, which would redistribute sediments in addition to current
winnowing processes. Dense traction currents would entrain and focus diatoms in the trough
bottom and account of the usually thick diatomaceous mud facies in this area. Diatom
sedimentation rates from selected core sections of ANTA99-cJ5 were calculated via linear
interpolation between 14C dates by Salvi et al. (2004). The sedimentation rates from this core
were between 38.60cm/ka and 15.61cm/ka. The lowest sedimentation rate, which is still rather
high, includes the turbidite that dilutes cores diatom sedimentation rates and taints their data.
DeMasters et al.’s (1992) diatomaceous mud seabed diatom accumulation rate of 250cm/ka from
a polynya near Granite Harbor cannot be used to explain the diatomaceous mud sedimentation
rate because that sampling site is so close to the coast relative to the JOIDES Basin. The Granite
Harbor site is sufficiently close to the coast to allow nutrients such as iron derived from the
Trans-Antarctic Mountains (TAM) to be dumped into the polynya via katabatic winds. A
polynya over ANTA91-14, ANTA99-cJ5, and NBP1994 core sites on the outer shelf would
explain the thicker diatomaceous mud sedimentation rates, however this scenario would require
the calving line to stay relatively stable between 14,739 and 4237 cal. yrs BP on the outer shelf,
which is extremely unlikely and violates all radiocarbon retreat chronologies. Sediment focusing
is favored over a polynya to explain the thicker than normal diatomaceous mud deposits on the
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outer shelf. Additionally, because of the unresolved position of the calving line, diatomaceous
mud sedimentation will regretfully be ignored during this model test and all attention will be
directed at grounding-line sedimentation. The final topography, which includes the thickness of
this facies as observed in cores will be included, but the timing of this deposit and its rate of
deposition will be ignored.

Shelfstone Mud

The model sedimentation rate of 1.1cm/a (R. Powell) is used with a 1 degree angle of
accumulation and right triangle trigonometry to determine the height and width of the sub-ice
shelf grounding-line proximal facies. When this mound breaches the floating ice shelf base, it is
cut into individual polygons, which are then redistributed distally to simulate tidal pumping
processes while simultaneously preserving the area of the original deposit. Deposition of this
deposit stops 2km from the grounding-line for consistency with Powell et al.’s (1996)
observations. This facies accumulation is hypothetical in all areas that are not over a core site,
whereas areas over a core location are as exact as the cartoon logs will allow.

Subglacial Sedimentation

Subglacial sedimentation uses the same sedimentation rate as in the ice shelf model (R.
Powell 0.9cm/a). Also as before, to comply with Reinardy et al.’s (2011) deforming mosaic
model, the subglacial regime will vary with time and in space during each stage of retreat.

192

The final product once grounded ice has left the area is as close to the data provided for JOIDES
Basin as is reasonably possible with the given methods used. Additionally, the GZW will be
constructed using the same method as in the ideal model, based on the angle of repose and
trigonometry.
Thicknesses of the two backstepping GZWs in the outer shelf area are not well defined
because they are plastered on the side of Mawson Bank. Shipp et al. (2002) and Shipp et al.
(1999) sum their thickness to 80m, but Howat and Domack (2003) do refer to their thickness but
their facies sum to only 64m, assuming the absolute maximum thickness of all facies except stiff
till are incorporated into the height, and the second GZW is placed on the peak of the first GZW.
Because the two facies with ponding behavior (SF-1 and SF-5) it is unlikely they would be at
their maximum thicknesses on the side of a bank. It is also unlikely that the lower resolution data
obtained by Shipp et al. (1999) has inflated their facies thickness estimations. The reflectors
within and under the wedge were unresolved in their interpretations (Figure 50), so they may
have underestimated the angular unconformity from Mawson Bank on which the wedges and
soft till is perched. Due to these uncertainties, the total thickness of the two wedges and the
underlying soft till will not total 80m and instead rely on dip angles for their geometry.

Scaling

The model is drawn along a 500km-long transect showing the lower 100m of water
column. It is split into two 250km-long segments because the final sedimentary packages are
extremely thin. Each of these segments has a vertical exaggeration of 2500. The final represented
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topography in relation to the approximate size of the modern ice sheet is shown in Figure 68. The
alternating black and red lines at the bottom of Part A and B of each frame correspond to the
same 50km-long intervals of the model transect.

Model Setup

The JOIDES Basin test model (Figure 69) is divided into 12 stages, the first six of which
represent outer shelf topography, the next 3 represent the middle shelf, and the final three
represent modern sedimentation (observed diatomaceous mud, iceberg scouring, and
winnowing). Within each stage, Part A and B in the model stages are representative of the same
events and processes during the indicated time period. Part A is labeled to include all relevant
information whereas Part B is meant to be an uncluttered display for easier interpretation.

Testing the Model in the JOIDES Basin

Stage 1 of the model begins at the onset of retreat from the LGM maximum terminus,
which is the farthest portion of the SF-4 fan (Howat and Domack 2003). Shelfstone muds melted
from the base of the ice shelf are shown extending in a very thin drape down the terminus of SF4 to the location specified on Howat and Domack’s (2003) facies thickness map (Figure 55).
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Figure 68. Comparison of the final topography in JOIDES Basin (orange) with a vertically
exaggerated and approximated modern ice sheet. The red box indicates the area represented by
the model, and the rectangular boxes labeled “0-250km” and “250-500km” are labeled with an
arrow to represent which 250km long chunk the model is currently showing.

SF-4 is shown at its maximum thickness because no further readvances will occur. Shelfstone
mud, SF-5, is extremely thin with no time constraints, representing an amalgamation of very
minor deposition when the ice stream was near its LGM terminus and oscillating on the outer
shelf. The horizontal distances between cores and facies terminations in relation to the start of
the model are shown on Stage 1A.
Stage 2 shows a 60km-long retreat to the end of SF-3 (most seaward GZW) in 1200 years
at a rate of 50m/a (cf. Howat and Domack 2003). This rate corresponds to the 50m/a retreat rate
in Zone 6 given by Shipp et al. (2002). This slow retreat produces a 44cm-thick drape of
shelfstone mud on top of the SF-4 fan. Although along this transect section, core KC-39 is

Figure 69. Model test in the JOIDES Basin. Continued on next page.
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Figure 69. Model test in the JOIDES Basin. Continued on next page.
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Figure 69. Model test in the JOIDES Basin. Continued on next page.
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stratigraphically higher than these deposits.
Stage 3 documents a 2222yr-long standstill, during which the first GZW composed of
SF-3 is constructed. This GZW is 20m high with a stoss-side length of 0.7km and a lee side
length of 14km, totaling 15km long. A 24m mound of shelfstone mud is deposited and
redistributed across SF-4 as a drape during this time.
Stage 4 shows a 5km-long retreat for 83yr down SF-3's wedge-crest to the end of the
second GZW, SF-2. The retreat rate of 85m/a is calculated from the shelfstone mud thickness
recorded in ANTA91-19 because no other data are available in this area.
Stage 5 represents deposition during a 5688yr standstill, the amount of time required to
construct the final GZW (SF-2). Shipp et al. (1999) reported that the GZW length totaled about
40km, and will be used here because Howat and Domack (2003) do not constrain the length of
the GZWs. This 40km GZW was split into 2.25 25km-thick GZWs. This splitting satisfies
several geometric requirements. i) A 40km long GZW cannot fit in the area is was deposited in,
ii) The facies thickness map from Shipp et al. (1999) shows that the GZWs stoss side begins
downhill ending at approximately 10m thickness, and iii) the GZW is not constructed on flat
topography, so redistribution of sediment is required. Within the larger GZW, each of the 2.25
GZW’s were each assigned a different color before they were split into polygons and moved to
preserve their total area. During this time, a 63m-high mound of shelfstone mud is melted-out
from the base of the ice shelf and redistributed as a ~4m-thick drape across the back of the first
GZW and over SF-4. This deposit is currently over-thickened relative to that observed in the
modern. Its winnowing will be addressed in a later stage.
Stage 6 documents a retreat from the crest of the final GZW for a distance of 104km to
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core ANTA96-08. Retreat is at a rate of 100m/a over 104km for 1040yrs. The retreat rate is
based on corrugation moraine data and yield produces a thin 22cm-thick drape of shelfstone
mud.
Stage 7 shows a 72km-long retreat to the site of the final GZW, which is Zone 2A within
Shipp et al.’s (2002) geomorphic zones. Shipp et al.’s (2002) Zone 2's areal coverage (teal line)
is shown in this frame because it is the only zone where the lengths, thickness, and crest-to-crest
distance of corrugation moraines are known. The first 4km of this retreat are initiated in Stage 6.
Stage 8 represents a 1333yr standstill during which time the final small 12m high GZW
was formed. 14.5m of shelfstone mud is deposited during this minor standstill and prograded
forwards.
Stage 9 documents the final 182km retreat to the model's terminating core, CHGC-08.
The retreat rate is calculated from the shelfstone mud sedimentation rate to be approximately
95.7m/a, which within the range of 40-100m/a estimated by Shipp et al (2002). Shipp et al.’s
(2002) 100m/a retreat rate is an average that applies to Zones 2 through 6, covering
approximately 300km. Zone 2 terminates around 150km away from core CHGC-08, so this area
is completely devoid of data.
Stage 10 is at the outer shelf and represents winnowing. The ~4m-thick drape left on the
outer shelf was winnowed between the model end and the modern. It does not have a time
constraint because it is currently impossible to quantify this process. The blue dashed line is the
post-winnowing final resting place of SF-5 according to the facies thickness map (Figure 54)
from Howat and Domack (2003). The black dashed line in Stage 10A represents this deposit
before winnowing, and the winnowing vectors imply winnow in a direction out of the page
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towards the reader. The geometry of the pre-winnowed deposit easily fits into the post-winnowed
area. This will be discussed in greater detail below.
Stage 11 is representative of diatomaceous mud deposition and iceberg scouring. Diatom
deposition is completely unconstrained in the JOIDES Basin model run because the thicknesses
of diatomaceous mud in the outer shelf region are improbably thick relative to measured seabed
fluxes (>2.5m), requiring much more time than the seabed fluxes would permit in a logical time
frame. The orange vertical lines represent diatomaceous mud thickness in cores. The maximum
depth of iceberg scouring is indicated by the horizontal brown dashed line. Shipp et al. (2002)
reported that iceberg scouring was pervasive in Zone 5 (their Zone 5 covered the extent of the
GZWs), with a maximum scouring depth of 20m and a maximum length of 28km. They also
recorded that scouring ceased below approximately 550mbsl, which is also honored in the
model. Although the actual number of scours is much greater, only six scours are shown and
placed at random because the model in only two-dimensional and it helps to preserve a remnant
sedimentary record. The actual number of scours is much greater.
Stage 12 documents the deposition of diatomaceous mud on the middle shelf area. This is
largely an estimation because a ~150km data-gap exists between cores PC-01 and CHGC-08,
however core CHGC-08 logically should have a sufficient quantity of diatoms near the modern
calving line if the ice shelf used Ross Island as a pinning point (Maas 2012) until modern times
while the grounding line continued to retreat.
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Discussion

Retreat Rates and Radiometric Constraints on the Outer Shelf

As mentioned above, the chronology of Anderson et al. (2013) allows for an
approximately 5200yr-long window for retreat from the GZW on the outer shelf to Ross Island.
Anderson et al. (2002) provided an additional time constraint of 27,820-12,880 calendar yr BP
(~14,940 yr) as they summarized the results of Conway et al. (1999) for the outer shelf region.
Shipp et al. (2002) compared existing retreat rate data with their corrugation moraine
data, suggesting that grounded ice retreated from the Coulman Island area to Ross Island, a
370km distance, before 6400yr BP, at a rate of 58m/a. Conway et al. (1999) have grounded
retreat begin at 12,880yr BP and then terminate near Ross Island at 7600yr BP, which is a retreat
rate of 83m/a. Domack et al.’s (1999a) calving line retreat rate in the same trough is ~100m/a
(KC-39 to PC26 and PC 29 in Granite Harbor). If one defines the outer shelf region as the area
seaward of the backstepping GZWs to the LGM terminus, the model test occupied that outer
shelf region for 9193yr out of the total of the 14,940yr specified by Anderson et al. (2002). The
9193yr is a total of all time used in Stages 1 through 5 leaving over 5700yr for the ice stream to
oscillate on the outer shelf during full glacial conditions, which is not unreasonable.
Additionally, since the “outer shelf” was not defined, this time constraint could include
additional retreat beyond the wedges and still stay within the time constraints.
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Retreat Rates and Radiometric Constraints on the Inner Shelf

The inner shelf region is considerably more difficult to constrain because it does not have
a reliable date at its termination. Anderson et al. (2013) even go as far as stating “Reliable
radiocarbon ages needed to constrain grounding-line retreat across the inner shelf within JOIDES
Basin are lacking” (p. 19). Model time from the outer shelf GZW to the inner shelf's termination,
is 4991yr. Anderson et al.’s (2013) overview allow 5200yr to retreat from the Coulman Island
wedge to Ross Island (in Drygalski Trough), so this 4991.38yr model time is not unreasonable.
Within the model, retreat time over a large portion of the inner shelf area is calculated
solely from retreat rates given by Shipp et al. (2002) based on corrugation moraine data.
Corrugation moraines are absent in Zone 1, so the retreat rate in Zone 1 was calculated solely
based on shelfstone mud facies. The resulting calculated retreat rate is 96m/a, which is close to
Domack et al.’s (1999a) 100m/a calving line retreat rate in Drygalski Basin. Shipp et al. (2002)
mention at 40-100m/a retreat rate based on corrugation moraines, and this value still fits within
that range despite being at the high end.
McKay et al. (2008) and Maas (2012) have even proposed that the Ross Ice Shelf had a
short terminus very different from the current Ross Ice Shelf's geometry. If we assume the ice
shelf had a short floating terminus much like a scaled-up Mackay Glacier Tongue, the ~96m/a
retreat rate for the final portion is not far off other retreat rates.
Retreat rates in the literature for the area and neighboring Drygalski Trough are 58m/a
(Shipp et al. 2002), 83m/a (Conway et al. 1999), and 118m/a (Maas 2012). The 96m/a retreat
rate calculated via shelfstone mud agrees well with these estimates. Figure 70 compares retreat
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Figure 70. Comparison of published retreat rates with retreat rates from this thesis. All retreat
rates end at CHGC-08. Conway et al.’s (1999) retreat rate is from the Coulman Island GZW in
Drygalski Trough to Ross Island. Domack et al.’s (1999) KC-37 to PC29 retreat rate is a calving
line retreat rate. Denton’s (1989; 1991) ending point is an uncorrected date mentioned in Shipp
et al. (2002). The blue line from this thesis utilizes the two corrugation moraine retreat rates
mentioned by Shipp et al. (2002) in their applicable zones, calculated GZW standstills, and a
calculated shelfstone mud retreat rate where data is absent. The red retreat rate is calculated via
shelfstone mud thicknesses only and includes three standstills for GZW deposition.
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rates of Domack et al. (1999a); Conway et al. (1999); and those determined using this model.
Figure 71 shows where along the transect the various retreat rates were applied.
In Figure 70, Conway et al.’s (1999) retreat rate is calculated from the wedge within
Drygalski Basin near Coulman Island to “the vicinity of Ross Island” (Shipp et al. (2002) p.
299). Figure 71 should be treated as an approximation and not absolute, mostly because the rates
generally apply to Drygalski Basin and because Conway et al.’s (1999) retreat rates are “in the
vicinity of Ross Island”, which is undefined. So these rates may apply for ~50km longer than
what appears in the graphs. Regardless, the error between retreat rates in the graph is within
4000yr, which is reasonable when compared to the error created by AIO and other dating
methods in the Ross Sea. The two rates calculated in this study are the only estimate independent
of Drygalski Trough data and appear to plot as an average of all retreat rates. All retreat rates in
the plot are calculated from cores KC-39 to CHGC-08, so some error will be introduced when
endpoints are undefined by the original authors or if the original authors make generalized
straight-line retreat rate calculations that do not follow a trough axis. Maas’ (2012) 118m/a
retreat rate, for example, was not included in this graph because it is calculated as a straight-line
across the top of Crary Bank.

Shelfstone Mud Facies Geometry

Stage 10 in the JOIDES Basin model is a replica of the modern topography of the trough
and is meant to represent the time elapsed between the termination of Stage 6 to the modern.
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Figure 71. Location showing where all retreat rates plotted in Figure 70 and their individual
distances. The line colors in Figure 70 correspond to the line colors in this figure. Modified from
Domack et al. (1999a).
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Stage 6 has an over-thickened shelfstone mud facies on top SF-4 relative to what was
recovered in cores surrounding the area. Comparing that to Howat and Domack’s (2003) Figure
2 there is a very thick (0-8m thick) shelfstone mud facies (SF-5) in the deepest portion of the
trough away from the locus of sedimentation, which was on the side of the trough where the
backstepping GZWs are and off transect. Three dimensionally, the geometry of the overthickened deposit of shelfstone mud in Stage 6 can easily fit into the area at the bottom of the
trough after winnowing and redeposition has occurred (Figure 72 where the contours of
shelfstone mud have been bolded). The winnowing vectors in Stage 10 imply an “out of the
page” flow direction, and the blue vertical bars correspond to a 2m contour interval (Figure 72).

Diatomaceous Mud Facies Geometry

Winnowing is also evidently required when attempting to replicate the thickness of
diatomaceous mud in the JOIDES Basin. The more distal outer shelf cores like ANTA91-15 and
ANTA99-cJ5 contain over 2.5m of diatomaceous mud, which given a reasonable seabed
sedimentation rate like 5cm/ka, would take ~53,000yr, stretching back into the Pleistocene! Salvi
and Melis (2009) noted that within cores ANTA99-cJ5 and ANTA91-14 that their “low glacial
influence” foraminiferal assemblage was almost entirely genus Miliammina due to corrosive
waters and other factors. Genus Miliammina according to Howat and Domack (2003) is
indicative of saline shelf waters, which would be responsible for winnowing in this area.
Additionally, Bart et al. (2000) show a GZW/TMF feature at the mouth of JOIDES Basin with at
least five unconformities located stratigraphically above what the authors tentatively interpret
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Figure 72. Bold contours representing the thickness of SF-5 in JOIDES Basin relative to the
transect represented in the model. Modified from Howat and Domack (2003).

as Miocene strata within the TMF. Previous glacial advances also may not have reached the shelf
break at their maximum within this trough, however given the number of unconformities at the
shelf break TMF it is unlikely that the area has escaped extensive reworking and erosion in the
past and thus has allowed for such a substantial quantity of diatomaceous mud without the help
of current winnowing.
Winnowing is also evident in cores taken from the distal shelf. Cores PC-07, PC-06, and
PC-05, from the NBP-1994 cruise are cored in the center of the trough (see Figure 73). The core
located closest to the center of the trough, PC-06, contains the highest diatom to mud ratio,

Figure 73. Cores from the outer shelf not used on the model transect.
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whereas the two cores on the flanks contain much lower ratios and are generally sandier. Core
PC-07 in has a very similar amount of sediment other than diamicton as the PNRA cores
(roughly 265cm) despite being ~70km away. This could be because core recovery was bad or
because the whole area has more topographic relief relative to where the two PNRA cores are to
the south as the trough nears its extent.

Comparison to Howat and Domack’s (2003) Conceptual Model

Figure 74 is a semi-transparent overlay of Figure 3 of Howat and Domack (2003) over
the model's final topography that has been adjusted to fit the model's scale. Howat and Domack
2003 ignored the diatomaceous mud facies (SF-1) in their figure but noted that it exists. The blue
vertical lines in Figure 74 represent the calculated final terminations, whereas the red lines
emphasize where terminations are shown in Howat and Domack’s (2003) original figure (their
Figure 11). The lee-side termination points of the two wedges are slightly behind where they are
shown in Howat and Domack’s (2003) figure. There are three major differences between the
calculated GZW geometry and that in Howat and Domack’s (2003) figure. The first is how
dramatically the SF-2 wedge backsteps the SF-3 wedge. Howat and Domack’s (2003) figure
almost appears as one large wedge similar to that of Shipp et al. (1999) and Shipp et al. (2002).
The second major difference is that the calculated SF-3 wedge geometry in the model has a
definite end point, whereas Howat and Domack’s (2003) wedge does not show the stoss-side
termination of either wedge. Figure 75 is an enlargement of the backstepping GZW area and also
rotates Howat and Domack’s (2003) conceptual model so that the wedges are on flat ground
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similar to the current model test. This arrangement demonstrates the third difference. The
wedges are not drawn at the maximum facies thickness given by Howat and Domack (2003) nor
the 80m-thick combined estimate of Shipp et al. 1999. Howat and Domack (2003) drew their
angles of repose too low at a maximum of 0.05°, which would create a GZW ~75km long, much
longer than the true length of ~40km. Howat and Domack (2003) also mention the 2° clinoforms
at the end of the SF-4 fan in the text, which is the same angle of repose used in the lee side of the
GZWs constructed in the current model. These angles of repose should look the same in Figure
74 but they do not.

Conclusions

In the JOIDES Basin area, the model was able to replicate the geometry of the existing
terrain using Powell's sedimentation rates within the confines of existing radiocarbon dates.
More importantly, retreat rates calculated via the shelfstone mud thickness were also able to add
support for estimates of retreat rates based on corrugation moraines of Shipp et al. (2002). Until
now the corrugation moraines in JOIDES Basin were assumed to be annual features because that
hypothesis agreed with Drygalski Basin's chronology. Figure 71 shows that the sedimentation
rates measured by Powell et al. (1996) can be used to calculate a broadly accurate retreat rate
chronology and can be used as a tool in this area as a rough proxy to help constrain glaciation of
the past, which is valued in an area with severely limited data.

Figure 74. Calculated model terminations vs. Howat and Domack’s (2003) terminations.
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Figure 75. Enlarged portion of Figure 74 showing the difference in angles of repose and
geometry of the back-stepping GZWs between the JOIDES Basin model test and Howat and
Domack’s (2003) interpretations. Modified from Howat and Domack (2003).
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CHAPTER 5:

CONCLUSIONS

Research Findings and Implications

This thesis presents an update of existing conceptual models of ice shelf sedimentation
with the inclusion of approximately two decades of new research on processes and dynamics,
and presents a new conceptual model of ice shelf sedimentation at the continental shelf scale The
shelf-scale model serves as a framework for others to build a more rigorous computational model
upon. The shelf-scale conceptual model also highlighted many inconsistencies within existing
Antarctic data that sorely need to be addressed in the future. Understanding ice sheets beyond the
temperate system is critical for understanding past glaciations and predicting the future impact of
climate change.
The model test in Robertson Trough, Chapter Three, utilized the shelfstone mud retreat
rate to constrain a groundling line retreat rate in two different ways, briefly explored the
sensitivity of sedimentation rates, and introduced a possible paleo-calving line location based on
the geometry of the diatomaceous mud deposit. Retreat of the ice stream in this area stayed
within radiometric dating constraints, and reinforced the findings of Evans et al. (2005) while
also introducing new research ideas that need to be explored. Evans et al. (2005) proposed that
the ice stream in Robertson Trough was very thin and that temporary liftoff occurred in several
cores that contain till pellets, which before Cowan et al. (2012) was published were thought to
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indicate melt-out near the grounding-line of an ice shelf. It is unfortunate that the cores used in
Evans et al. (2005) are only available in cartoon form, because reanalysis with the formative
mechanisms found in Cowan et al. (2012) may radically alter interpretations of the area.
The model test in the JOIDES Basin, Chapter Four, provided much needed backup data
to existing retreat rates in the literature, which are based solely on inferring that the grounding
line created corrugation moraines on an annual basis or on various dating methods in and around
adjacent Drygalski Trough. Reinforcing Shipp et al.’s (2002) inferred retreat rates with real
observed data is an extremely important step, as it showed that the current model is capable of
doing predictive work. This is important, because it would not be particularly useful is it required
numerous caveats to even barely fit within time constraints at any given locale.

Limitations of Research

In its current state, this model only applies to paleo-ice stream troughs under a cold polar
regime. Robertson Trough and JOIDES Basin were selected specifically because of the presence
of till pellets, which are diagnostic of polar ice streaming (Cowan et al. 2012). Attempting to
apply this model in warmer polythermal paleo-ice stream troughs or even polar paleo-ice stream
troughs that are still polar but have more meltwater present will not yield good results.
The quality of the data in both Robertson Trough and the JOIDES Basin were not ideal at
all. Both troughs were interpreted before researchers had an understanding of the formation of
till pellets, and both troughs contained problems within their geophysical and core data. Evans et
al. (2005) had unclear dimensions and locations within its geophysical data, including a transect
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marked in one figure that did not exist elsewhere within the publication. Additionally, the cores
presented in Evans et al. (2005) were in cartoon form. Access to picture of the actual cores was
not possible at the present time of publication (2014). This is problematic because it is
scientifically dangerous to start grouping facies based on a cartoon log, especially when minor
inconsistencies can radically affected the thickness of a given facies and the model is critically
dependent on the thickness of that facies. Diatomaceous mud was the biggest problem in both
troughs, as no set international criteria exists currently to distinguish what ratio of terrestrial mud
to diatoms designates when you call the facies diatomaceous mud.
Distinguishing stiff and soft till also requires standardization, as soft tills in the Baltic Sea
required their shear strength to be <100kPa (Christofferson and Tulaczyk 2003), whereas soft
tills in Marguerite Trough on the opposite pole needed to be < 20kPa (O’Cofaigh et al. 2007).
These are two very different boundaries, and one may find themselves in a heap of trouble if they
were to apply O’Cofaigh et al.’s (2007) criteria to areas near Christofferson and Tulaczyk’s
(2003) study area.
Additional problems occurred when attempting to use data from the PNRA in the
JOIDES Basin. Pellet-rich diamict was not officially defined at the time some of the cores were
described, and additional doubts were cast when some researchers chose to ignore various
important facies like the turbidite in Salvi and Melis’ (2008) interpretation of ANTA 91-14. If
critical details like the turbidite were taken out and ignored while calculating a biogenicdependent sedimentation rate through the turbidite (which still shows up in grain-size and TOC
plots), it makes one wonder what else could have been left out. The PNRA cores are only
available in cartoon form, and the criteria used to define their facies are cited as a conference that
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happened in Italy years ago and cannot be downloaded or previewed as an abstract.
Shipp et al.’s (1999a) geophysical boundaries did not line up very well with Howat and
Domack’s (2003) geophysical boundaries, despite Domack being Shipp’s advisor at the time of
her publication. These unclear geophysical boundaries only added to uncertainty of the area, and
made it difficult to place geometric constraints on the backstepping grounding zone wedge
complex.

Future Work

The continental shelf-scale model needs to quantify the relationship between deformation
till and stiff till, which at this time is unknown. In its current state, the model simply adds an
arbitrary thickness of deformation till to the continental shelf based on what is present n
geophysical data, and that is not acceptable for doing any serious modeling work. Hints could
perhaps be derived from more basal till studies in the Antarctic, and from studies like O’Cofaigh
et al. (2013) who studied the spatial distribution of several till units in terrestrial MSGL’s that
were incised in various locations by a meandering river.
The absence of oceanography is also needs to be addressed, as oceanic currents in the
Antarctic are complex and responsible for winnowing processes on the seafloor. Understanding
how eroded the shelfstone mud facies is before it is covered by diatomaceous mud is important,
especially when paleo-retreat rates are critically dependent on facies thicknesses.
Ideally, a study which extensively cored into at least the stiff till of the entire length of a
paleo-ice stream trough and described the facies based on a clearly defined criteria would be
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fantastic, especially if geophysical data could be used to tie everything together and avoid 200km
long data holes. A more precise model could then be constructed that does not suffer from
unknown/poorly defined facies, low resolution geophysical data that doesn’t agree with itself
between publications, a lack of radiometric dates, and data holes greater than 100km.
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